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Abstract
A systematic investigation of carbon based anode materials has been made in this
Master’s thesis project. The physical, structural and electrochemical properties of these
anode materials have been characterized by a variety of techniques. A literature review
summarizes the principles of lithium-ion battery operation, cathode materials, anode
materials and electrolytes.
Multiwall carbon nanotubes (MWNTs) were synthesized by chemical vapor deposition
(CVD) method, using nanocrystalline iron powders as the catalyst. The diameter of the
as-prepared MWNTs is about 20-50nm. Electrochemical testing shows that the MWNT
electrodes had a reversible lithium storage capacity of 340-350mAh/g. The kinetics of
Li-ion insertion in carbon nanotube electrodes were characterized by a.c. impedance
measurements.
The electrochemical properties of graphitized mesocarbon microbeads (MCMB) anode
materials were studied. SEM observation shows that MCMB agglomerates have a
spherical shape with an average particle size of 13µm. Cyclic voltammetry
measurements demonstrated a pair of redox peaks, corresponding to lithium insertion
and extraction in the MCMB structure. MCMB anodes delivered a reversible capacity
of ~325mAh/g with good cyclability.
In order to improve the capacity of bare graphite, Sn-coated graphite composites were
prepared by using electroless deposition. Cyclic voltammograms show additional redox
reaction peaks, which are related to the reaction of Sn with lithium. Sn-graphite
composites demonstrated a much higher lithium storage capacity than the bare graphite
electrode.
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Since MCMB anode materials are very stable for lithium-ion insertion and extraction,
Sn-coated MCMB composites were developed by combining the high lithium storage,
elemental Sn and MCMB to obtain stable cyclability. The Sn-MCMB electrodes show
improved capacity and good cyclability within a 15wt% loading of Sn.
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Chapter 1 Introduction
Lithium-ion batteries are the state-of-the-art power sources for modern portable
electronic devices such as cellular phones, notebook computers and camcorders,
offering high energy density, flexible and light-weight design, and longer service life.
Large-scale lithium-ion batteries are at the forefront of the contenders for electric
vehicles (EVs) and load-leveling applications. Lithium-ion batteries have the highest
energy density among all rechargeable battery systems, and have superior performance
to the lead acid battery and the nickel cadmium and nickel metal hydride battery
systems. The electrochemical performance of lithium-ion batteries is determined by the
properties of the cathode materials, the anode materials and the electrolytes. This study
mainly focuses on developing new anode materials with high specific capacity.

Chapter 2 gives a literature review of the lithium-ion battery system. The history of
lithium-ion battery development is briefly reviewed. The operating principle of lithiumion batteries is explained. The operation of lithium-ion batteries relies on lithium
intercalation and de-intercalation in cathode and anode hosts. Summaries on the cathode
materials and anode materials for lithium-ion batteries are first presented based on their
structure and electrochemical characteristics.

Chapter 3 describes the experimental details of the present work. The materials,
chemicals and facilities used in this work are also presented.

Chapter 4 shows the results of the investigation of multiwall carbon nanotubes as anode
materials in lithium-ion cells. Multiwall carbon nanotubes were synthesized by the
1
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chemical vapor deposition (CVD) method using nanosize Co particles as the catalyst.
The as-prepared carbon nanotubes were characterized by TEM and HREM observation.
Multiwall carbon nanotubes show a high initial capacity; but their capacity declines on
cycling. The mechanisms of carbon nanotubes for lithium storage were analysed.

Chapter 5 presents the electrochemical characterization of the mesocarbon microbeads
(MCMB) anode materials. MCMB anode materials represent an industrial benchmark
for the lithium-ion battery industry. It has high tape density and stable cyclability. The
kinetic properties of MCMB anodes were characterized by a.c. impedance
measurements.

In order to improve the specific capacity of carbonaceous anode materials, nanosize Sn
particles were embedded in graphite or MCMB matrixes by chemical deposition. These
Sn coated graphite and MCMB anodes demonstrated an improved lithium storage
capacity. However their capacity retention is not as good as for bare graphite and bare
MCMB. Further improvement could be achieved by optimizing the materials
preparation process. Chapter 6 and chapter 7 describe the detailed investigations.

Chapter 8 summarizes the major conclusions from this study.

2
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Chapter 2

Literature Review

2.1 Introduction of lithium-ion batteries

Lithium-ion batteries have the highest energy density among all rechargeable battery
systems. They are widely used as power sources for modern consumer electronics such
as camcorders, laptop computers and cellular phones, offering high energy density,
flexible and light-weight design, and longer service life. Large-scale lithium-ion
batteries are prime contenders as power sources for electric vehicles (EVs) and for loadleveling applications. Fig. 2.1 compares the energy densities of the different types of
rechargeable batteries. As shown, lithium-ion batteries deliver the highest energy
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Fig. 2.1 Comparison of different types of batteries in terms of volumetric and
gravimetric energy density.
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Intensive research activities have been carried out worldwide to improve the energy
density, cycle life and safety of lithium ion batteries. Today, lithium-ion batteries
dominate the rechargeable battery market due to their excellent performance.

2.2 The historical development of lithium-ion batteries

In the past, the motivation to use lithium metal as the anode in a battery system was
based on the fact that lithium is the most electronegative (-3.04 V versus the standard
hydrogen electrode) and the lightest element (6.94 gmol-1 and 0.53 gcm–3). If lithium
metal is used for anodes in batteries, a high energy density battery system could be
obtained. The primary lithium batteries were developed in the 1970s using lithium
metal as the anode. These batteries had high capacity and energy density. The primary
lithium batteries quickly found wide applications in electronic watches, calculators and
implantable medical devices. In particular, Exxon started a large project developing
rechargeable lithium batteries using TiS2 as the positive electrode and lithium metal as
the negative electrode along with lithium perchlorate in dioxolane as the electrolyte [1,
2]. TiS2 is a very stable compound with a layered structure for repeated lithium
intercalation and de-intercalation. But many problems soon became evident with this
battery system, which were associated with dendrites growing on the surface of the
lithium metal electrode. This was caused by the combination of lithium metal and liquid
electrolyte. During long-term cycling, lithium is deposited on the anode surface and
grows to form dendrites, which can penetrate the porous separator. Once a the lithium
dendrite has done this, it causes a short circuit, inducing a fire or even an explosion.
Such serious safety hazards prevented the further development of rechargeable lithium
batteries. Later, scientists attacked this problem by substituting lithium metal with

4
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lithium-aluminum

(Li-Al) alloys [3]. Dey [4] demonstrated the possibility of

electrochemical formation of lithium alloys in organic electrolytes in 1971. Since then,
many lithium alloys have been developed as alternative anode materials. The energy
densities of lithium alloys normally are reduced by a factor of two or three, compared to
pure lithium metals [5-10]. Unfortunately, the volume changes related to the
insertion/extraction of Li into/from alloy matrices are quite substantial (200 – 600 %).
This causes a fast disintegration of the alloy anodes by cracking and crumbling.
Rechargeable lithium batteries using lithium alloys for the anode usually have a very
short cycle life. Graphitic carbon was found to be dimensionally stable for lithium
insertion and extraction. Intercalation of lithium ions corresponding to the composition
LiC6 results in only about a 10% increase in the layer distance [11]. Therefore, graphite
became the anode material of choice for the lithium-ion battery, replacing lithium metal
and lithium alloys. In the meantime, some important advances have been achieved in
the research for intercalation materials such as oxides to replace the heavier
chalcogenides [12, 13]. Later, Goodenough et al proposed the families of LixMO2
(where M is Co, Ni or Mn) compounds as cathode materials with high Li/Li+ potentials
versus the reference electrode [14, 15].
The combination of an intercalation anode host and cathode host as well as an
appropriate organic electrolyte has been emerging in lithium-ion battery technology
since the end of the 1980s. The concept was first demonstrated by Murphy et al [16]
and then by the Scrosati group [17]. Eventually, Sony [18], first commercialized
lithium-ion batteries in the early 1990s. This technology is called Li-ion or rockingchair batteries. To compensate for the increase in potential of the negative electrode,
high potential insertion materials are required for cathodes. Commercial production can
now be seen worldwide. Lithium-ion batteries are becoming the dominant power

5
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sources for consumer electronics, military applications, aerospace and especially for
wireless telecommunications.

2.3 The principle of the lithium ion battery

Lithium metal free lithium batteries were originally termed “rocking chair” batteries
(RCB) by Armand [19]. The basic concept of operation for the RCB system was
partially derived from concentration cells, which consist of essentially identical
electrodes containing different reactant concentrations [20]. After the RCB concept was
revealed, this concept was demonstrated using transition metal compound anodes and
cathodes [21-22]. Later, new names for this technology appeared: lithium ion,
Shuttlecock and Swing Electrode System, etc.. But the fundamental concept remained
the same.

Charge

E

Discharge

Anode
Lithium
intercalating
carbon,
LixC6

Cathode
Transition
metal
oxide,
Li1-xMeyOz

Electrolyte
Li-salts in organic solvent

Fig.2.2 Schematic of operating principle of lithium-ion batteries.
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A lithium-ion battery consists of a positive electrode (cathode), a negative electrode
(anode) and an electrolyte (solution or solid-state) containing dissociated salts separated
by a micro-porous membrane (separator). The lithium ions shuttle between the two
electrodes through the electrolyte system. Fig. 2.2 shows a schematic of the operating
principle of lithium-ion batteries. During the charging process, lithium ions are
extracted from the cathode host, go through the electrolyte and separator and intercalate
into the anode host. Simultaneously, electrons are liberated from the cathode, go
through the external circuit and are accepted by anode compounds. The reverse process
occurs during the discharging process. In order to achieve high cycling efficiency and
long cycle life, the movement of Li ions in anode and cathode hosts should not change
or damage the host crystal structure. The design of a lithium-ion battery system requires
careful selection of electrode pairs to obtain a high operating voltage (Vc). A high Vc
can be realized with anode and cathode having smaller and larger work functions φa and
φc respectively. The open-circuit voltage Voc of the cell can be calculated from the
following formula:

Voc = (φc - φa) / e

(2.1)

where e is the electronic charge.
Carbon (hard carbon and graphitized carbon) with a potential of 0 – 0.8 V versus
lithium metal is the major choice as the anode material for lithium ion batteries. The
cathode materials can be chosen from the spinel LiMn2O4, layered LiCoO2 and LiNiO2,
which have discharge potentials around 4 V versus lithium metal. A battery with the
combination of an high potential cathode material and a low potential anode material
can deliver a voltage of 3.6 ~ 3.8 V, which is 3 times that of Ni-Cd or Ni-MH batteries.
7
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2.4 Electrode Materials for Lithium-ion Batteries
2.4.1 Cathode materials
In rechargeable lithium batteries, the cathode host provides the lithium ion source for
the intercalation reaction. So, the physical, structural and electrochemical properties of
the cathode materials are critical to the performance of the whole battery. The principal
properties required for cathode materials are as follow:
1. The discharge reaction should have a large negative Gibbs free energy (high
discharge voltage).
2. The host structure must have low molecular weight and the ability to intercalate large
amount of lithium (high energy capacity).
3. The host structure must have an high lithium chemical diffusion coefficient (high
power density).
4. The structural modifications during intercalation and deintercalation should be as
small as possible (long cycle life).
5. The materials should be chemically stable, non-toxic and inexpensive.
6. The handling of materials should be easy.
When insertion materials were proposed as the best solution for rechargeable nonaqueous batteries, the first material proposed was TiS2. A large number of materials
were investigated such as chromium oxides and vanadium oxides [23 - 25]. However,
the number of different compounds which are suitable as cathode hosts for lithium-ion
batteries is quite limited due to the critical requirements such as high energy density,
good cyclability and safety. They can be arbitrarily divided into layered LiMO2 (e.g.
LiCoO2, LiNiO2 and LiMnO2) compounds, manganese oxides (e.g. LiMn2O4 spinel)
and other materials. Lithium ions reversibly intercalate into and de-intercalate from
these compounds above 3 V versus Li/Li+.

8
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(i)

Layered compounds with α-NaFeO2 structure

The layered LiMO2 compounds (where M = Co or Ni) have a rhombohedral structure,
in which lithium and transition metal atoms are ordered in alternate (111) planes in a
distorted cubic-close-packed oxygen ion lattice. A schematic diagram of the structure of
layered LiMO2 is shown in Fig. 2.3.

M3+ (3b)
O2- (6c)
Li+ (3a)

Fig. 2.3

The structure of layered LiMO2 (M = Co, Ni) compound.

The structure has trigonal (R3m) symmetry and the unit cell parameters are usually
defined in terms of the hexagonal setting. The layered framework provides a two
dimensional interstitial site which allows for relatively facile extraction and insertion of
lithium ions. LiCoO2 currently is the dominant cathode material in commercial lithiumion batteries. T. Ohzuku [26] investigated the mechanism of the reaction of LiCoO2
electrode in lithium cells using in situ XRD and concluded that the reaction of LiCoO2
electrode in lithium cells can be divided into three regions. In the region 0 < x < 1/4 in

9
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Li1-xCoO2, the coexistence of two hexagonal phases was observed. The reaction in
terms of lithium insertion and extraction in this region is a topotactic two-phase
reaction. In the region 1/4 < x < 3/4 in Li1-xCoO2, the reaction is a single phase reaction
as a whole. In the region 3/4 < x < 1, the reaction is a two-phase reaction [26]. Removal
of lithium corresponding to 1 mole Li per formula LiCoO2 delivers a theoretical
capacity of about 274 mAh/g. However, only part of the lithium can be reversibly
extracted and inserted due to structural restriction. Good electrochemical performance
can be obtained up to 4.2 - 4.25 V versus Li/Li+, providing about 150 mAh/g capacity.
The LiCoO2 cathode may be reversibly cycled over 1000 charge-discharge cycles
without appreciable specific capacity loss.
Another layered compound of interest, LiNiO2, has been explored by several research
groups, but suffers from poor thermal stability in its highly oxidized state (Ni3+/Ni4+).
The Jahn–Teller distortion arising from Ni3+ (low spin state) may be a factor
responsible for the instability. In fact, the removal of half the lithium from LiNiO2
results in a metastable layered structure Li0.5NiO2 that transforms, on heating to 300°C,
to the cubic spinel Li[Ni2]O4. However, constraints in the cubic structure make the
spinel structure selective for insertion of Li+ ions, reducing the Li+ ion mobility and
hence its conductivity. For these reasons, LiNiO2 is of not practical importance at
present.
The theoretical capacity of LiNiO2 is close to that of the LiCoO2 compound, ie. 275
mAh/g. In practice, it can deliver a specific capacity between 185 to 210 mAh/g by
charging up to 4.1 - 4.2 V versus Li/Li+, which is much higher than that of LiCoO2.
However, LiNiO2 electrodes have a higher fading rate of capacity on cycling.
Furthermore, the thermal stability of the LiNiO2 compound is lower than that of
LiCoO2. According to the reports [27, 28], the structural disorder due to the

10
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displacement of nickel ions at 3(a) sites and lithium ions at 3(b) sites in LiNiO2 can
severely affect the electrochemical properties such as specific capacity, average
charge/discharge voltage, the shape of the differential chronopotentiometric curve, etc.
When there is a 50% displacement of nickel ions at 3(a) sites and lithium ions at 3(b)
sites, a rock-salt type LiNiO2 with a space group Fm3m could be generated, which is
electrochemically inactive because of the immobile lithium ions at octahedral sites [29].
This presents a challenge for the preparation of structurally ordered LiNiO2 compound
with good electrochemical performance.
LiCoO2 and LiNiO2 form a complete solid solution, LiCoyNi1-yO2 (0<y<1) [30]. The
charge–discharge behavior of the solid solution was studied first by Delmas and
Saadoune [30]. Although the capacity of LiCoO2 is about 130 mAh/g, that of LiCoyNi1yO2

with a partial substitution of cobalt by nickel, increases to about 150 mAh/g, but the

discharge voltage falls slightly. This solid solution system, especially the composition
LiNi0.8Co0.2O2, is expected to form the next-generation cathode, after LiCoO2. The
addition of Al3+ ions in LiNiO2 can stabilize the structure of the LiNiO2 compound.
Because LiAlO2 is isostructural with LiNiO2, it can form solid solutions with LiNiO2.
For example, by synthesizing LiAl0.25Ni0.75O2, the following topotatic reaction would be
expected:
LiAl0.25Ni0.75O2

0.75Li0.25Al0.25Ni0.75O2

+ 0.75Li+ + 0.75e-

(2.2)

Since Al must remain 3+ in oxidation state, when all the Ni ions are oxidized to the Ni4+
state, the maximum quantity of Li ions extracted is 0.75 mole per mole of
LiAl0.25Ni0.75O2. This prevents overcharge of the electrode [31]. LiAlxNi1-xO2 solid
solutions have been thoroughly investigated by many groups. Differential scanning
calorimetry (DSC) measurements have shown that LiAl0.25Ni0.75O2 is much safer than
LiNiO2 in the charged state. The thermal behavior of LiNiO2 in the charged state is a

11
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haystack-type reaction associated with thermal run away. The thermal behavior of the
fully charged LiAl0.25Ni0.75O2 is quite different, and the reaction is much milder [32,
33]. The lithium intercalation into and deintercalation from a LiAl1/4Ni3/4O2 electrode
was investigated by using a current transient technique [34]. No potential plateau was
observed in the charge/discharge curve, indicating that lithium ion diffusion proceeds in
a single phase region, thus favoring good reversibility and extended cycle life.
Apart from the Ni/Co, Ni/Al combinations, it is generally known that substitution
with other transition metals results in materials with lower capacities and less reversible
insertion/extraction reactions. The single phase of LixCryCo1-yO2 and LixCryNi1-yO2
compounds have been successfully prepared. The electrochemical tests indicated that as
y increased, specific capacity declined [35]. Very good thermal stability was obtained
by co-substitution with titanium and magnesium [36].
Doping LiNiO2 is a subject of increasing interest and has produced a large number
of papers and patents. Many elements from the periodic table have been investigated,
including Ti, V, Cr, Fe, Co, Mn, Cu, Zn, Cd, Sn, Al, B, Mg, Ga, Ca and Na. The general
trend is now oriented towards multiple substitution, with each element bringing some
peculiar advantage in reversibility, fading or thermal stability for safety.

(ii)

Spinel lithium manganese oxide system

The spinel LiMn2O4 belongs to the cubic system with a space group of Fd3m, in which
Li+, Mn3+/4+ and O2- ions occupy the tetragonal 8a, octahedral 16d and 32e position in
the cubic-closed-packed (ccp) oxygen array. Electrodes with such structure are likely to
be more stable under electrochemical cycling than those in which there is a large
anisotropic expansion or contraction of the lattice parameters. For example, the spinels

12
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Li[M1.67Li0.33]O4 (M = Mn, Ti) are extremely tolerant of cycling because the volume
variation in the cubic unit cell is less than 1% within controlled compositional limits
[37, 38].
The Li-Mn-O spinel electrode offers a 4 V voltage versus lithium in the
compositional range 0 ≤ x ≤1 in LixMn2O4. Lithium ions can also be inserted into
LiMn2O4 to form Li1+xMn2O4 at 3 V against lithium. For Li1+xMn2O4, the electrode
consists of two phases: a cubic phase LiMn2O4, and a tetragonal phase Li2Mn2O4. The
tetragonal phase grows at the expense of the cubic phase. In the LiMn2O4 spinel
structure, the strong Mn-O bond maintains the structural integrity of the electrode
during lithium ion insertion and extraction. However, the Jahn-Teller distortion effect
starts at Mnn+ = 3.5 (c/a = 1) and reaches a maximum at the valence of Mnn+ = 3 (c/a =
1.16), which reduces the symmetry of the cubic spinel phase to the tetragonal phase
Li2Mn2O4 and increases c/a to 1.16 concomitantly [38]. Such distortion accompanying
the volume change in the unit cell would cause the crystal structure of the electrode to
degrade and the electrochemical properties to deteriorate.
The electrochemical properties of LiMn2O4 spinel such as capacity and
rechargeability vary greatly with different synthesis routes. The low temperature
synthesized LiMn2O4 spinels have an high capacity, but poor cycle life. Generally,
LiMn2O4 spinel prepared by solid-state reaction has a discharge capacity between 120 –
140 mAh/g and a reasonably good cycle life. The lithium-rich composition Li1+xMn2xO4

leads to improved performance in terms of capacity fading. However, fading,

particularly at elevated temperature, is still worse than that observed with nickel or
cobalt-rich materials.
The cyclability of LiMn2O4 spinel electrode can be improved by suppressing the
Jahn-Teller effect at the end of the 4 V discharge, by replacing Mn with other metal
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elements such as M+ (e.g. Li+), M2+ (e.g. Zn2+, Mg2+), M3+ (e.g. Co3+, Cr3+, Al3+) and
M4+(e.g. Ti4+), etc. However, a trade-off has to be made since the capacity decreases
with the increased concentration of the substitution metal.

Robertson et al. [39]

investigated the dopant effect of M = B, Cr, Fe, Ti, Al and Ga in single-phase LiMxMn2xO4

spinel. The best result was found to be with the Cr3+ dopant effect. Reversible

capacities exceeding 110 mAh/g were attained with LiCr0.02Mn1.98O4, with virtually no
capacity fade over 100 cycles. This was attributed to a combination of ionic size
coordination, crystal-structure preferences and oxidation state stability. The cobalt
doping also has the excellent effect of stabilizing the LiMn2O4 spinel. The best overall
performance in terms of the capacity and cycle life was obtained for LiCo1/6Mn11/6O4
spinel. The energy density of the cathode for the Li/ LiCo1/6Mn11/6O4 cell at the 300th
cycle was about 370 wh/kg (cut-off 4.45 to 3.60 V, iC = iD = 0.2 mA.cm-2) [40].
Substitution of Co in LixMn2O4 can increase the particle size and decrease the total
surface area of the spinel by up to 50%, which is beneficial for the good capacity
retention properties of the cathode. Increasing the Co content in the spinel from y = 0 to
y = 0.05 and 0.06 in LiCoyMn2-yO4 resulted in an increase in initial capacity and
decrease in capacity fade during cycling. The lithium-ion diffusion coefficient (DLi+ )
for Co-doped spinel was estimated to be in the range 2.4 × 10-12 to 1.4 × 10-11 m2/s as a
function of SOC and was found to be higher than the value estimated for the pure spinel
(9.20 × 10-14 to 2.6 × 10-12 m2/s). The Li+ partial conductivity estimated in Co-doped
spinel (in the range between 8 × 10-5 and 1.85 × 10-4 S/cm) was higher than those
estimated for pure spinel [(1.2-7.2) × 10-5 S/cm]. The larger particle size of Co-doped
spinel resulted in less contact between the active material and the electrolyte,
contributing to a decrease in the rate of electrolyte and electrode decomposition, and
consequently, to a smaller self-discharge rate [41].
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The improvement in the cycle performance is not only ascribed to the suppression of
Jahn-Teller distortion but also to the enhancement of the stability of the octahedral sites
in the spinel skeleton structure. The binding energies of MnO2, CrO2 and CoO2 could be
estimated as 946, 1142 and 1067 kJ.mol-1, respectively. So, it would be reasonable to
say that the M-O bonds (M = Cr and Co) are stronger than the Mn-O bond, so that the
dopants enhance the stability of the spinel structure.

(iii)

Other oxide cathode materials

Lithium vanadium oxides and vanadium oxides are some of the new attractive
cathode materials for lithium-ion batteries. In lithium metal polymer batteries, lithium
metal is used as the anode. Because the lithium anode provides the lithium ion source
for the lithium shuttle, it is not necessary that a lithium source be present in cathode
materials. Therefore, vanadium oxides are very suitable for use in lithium polymer
batteries, since they provide very high specific capacity and a voltage range between 2
V to 3 V versus lithium. Crystalline V2O5 with a shear structure [42, 43], amorphous aV2O5 [44 ], a-V2O5–B2O3, and a-V2MoO8 [45] have all been considered. The average
discharge voltage is around 2.5 V and is not as high as that of LiCoO2 and LiMyMn2yO4.

Since there is also capacity fade with cycling, these materials have not been

exploited for large-scale development. Recently, it has been reported that LixFeyOz with
(Li+/Fe3+ = 0.69) prepared at 200°C had a capacity of about 140 mAh/g at an average
discharge voltage of ~2 V during cycling [46]. Since the cost of Fe is very low, it may
become an attractive candidate in the future. An olivine (M2SiO4)-based cathode using
the crevice with MO4 tetrahedra has been reported recently by Padhi et al. [47]. They
considered four iron phosphates, Li3Fe2(PO4)3, LiFeP2O7, Fe4(P2O7)3 and LiFePO4 and
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found that LixFePO4 delivered 130 mAh/g at an average cell voltage of 3.3 V. In order
to increase the discharge voltage, LiCoPO4 was prepared instead of LiFePO4, and its
cycling behaviors are examined [48]. Although the average discharge voltage increased
to 4.5 V, satisfactory cyclability could not be observed because of gradual
decomposition of the organic electrolyte.

2.4.2 Anode materials for lithium-ion batteries

Before the emergence of lithium-ion batteries, lithium metal was used for lithium
primary batteries. When lithium is used as the anode in secondary lithium batteries, an
high energy density can be obtained, because pure lithium has the highest specific
capacity of the available choices. However, rechargeable lithium batteries were
unsuccessful in early trials. The main reason was the safety problem caused by using a
lithium metal anode. During the charge/discharge cycle, lithium is often deposited in a
dendrite. These lithium dendrites are porous, have an high surface area, and are very
reactive in organic electrolytes. Also, lithium dendrites gradually grow on cycling and
penetrate the separator after a certain number of cycles. The resulting short circuiting
could lead to fire or explosion. The problems relating to the use of lithium metal anodes
can be overcome by using lithium insertion anode materials. The most common
materials are lithium-carbon (either graphitized carbon or non-graphitized carbon) and
intermetallic lithium alloys. Suitable alloying elements are Sn, Al, Pb, Bi, Sb, As, etc.
Some oxides such as Li4Ti5O12 and lithium perovskites can also reversibly react with
lithium at relatively low potentials (1.0 – 1.5 V versus lithium).
There are three basic requirements for anode materials: (i) the potential of lithium
insertion and extraction in the anode versus lithium must be as low as possible; (ii) the
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amount of lithium which can be accommodated by the anode material should be as high
as possible to achieve a high specific capacity; (iii) the anode hosts should endure
repeated lithium insertion and extraction without any structural damage to obtain long
cycle life.

2.4.3

Carbon materials as anodes in lithium-ion batteries

In the lithium-ion battery industry at present, carbon is used as the anode material.
Carbon has an exceptional behavior as an anode material for lithium-ion cells. In the
history of lithium-ion battery development, the successful use of carbon anodes
determined the success of commercialization of the lithium-ion battery.

The first

attempts to use graphites as the anodic host for lithium ions failed because of electrode
disintegration. The situation changed with the finding that poorly crystalline carbons
were less sensitive to electrolyte decomposition. Their feasibility was demonstrated but
with modest capacities compared to that expected with graphite [49]. Sony was the first
company to produce commercial lithium-ion batteries based on such a non-crystalline
carbon anode.

2.4.3.1 Structure of carbon materials

There are hundreds of commercially available carbon types, including natural and
synthetic graphites, carbon blacks, active carbons, carbon fibres, cokes and various
other carbonaceous materials prepared by the pyrolysis of organic precursors in an inert
gas environment. Therefore, carbon materials have wide ranges of structure, texture
and properties. The carbon anode materials are generally categorized into three classes
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(1) graphite; (2) non-graphitized glass-like carbon (hard carbon) which cannot be
graphitized even when heat treated at high temperature; (3) soft carbon, easily
changeable with heat treatment. The schematic structures of these three types of carbon
[50] are shown in Fig. 2.4.

Fig. 2.4. Schematic of different types of carbon

Pure graphite has the structure shown in Fig. 2.5, which consists of hexagonal net
planes of carbon stacked along the c-axis in a staggered array usually denoted as
ABAB, where there is a lateral shift on going from layer A to layer B. The space group
of graphite is Pb3/mmC, with a=b=2.46 Å and C=6.70 Å. There is also abnormal
graphite stacking, ABCA or ABAC, etc. are possible sequences, and the commonly
observed stacking faults in graphite, which are a reflection of these discrete stacking
alternatives [51].

18

Chapter 2 Literature Review
----------------------------------------------------------------------------------------------------------------------------

Fig. 2.5

The structure of hexagonal graphite showing the ABAB stacking of
honeycomb carbon layers.

Dahn et al. described several classes of carbons relevant to the lithium-ion battery
[52]. One comprises the graphitic carbons, which are normally prepared by heating socalled soft carbon precursors to temperatures above ~ 2400°C, where well graphitized
materials result. The second one represents hydrogen containing carbons, which are
prepared by pyrolyzed organic precursors at temperatures near 700°C. The third class of
carbons are the hard carbons or non-graphitized carbons. The structure and chemistry of
carbons strongly depends on the procedures for heating the organic precursors. During
the early stages of pyrolysis in inert gas (below 600 °C), organic compounds
decompose and emit gases that contain carbon such as CO and CH4. The remaining C
atoms condense into planar aromatic structures (graphene sheets). If the decomposing
precursor forms a semifluid state, then these planar sheets can align in a more parallel
fashion that leads to easy graphitization upon heating to very high temperatures. Such
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precursors yield “soft” or graphitizable carbons. However, if the organic precursor is
sufficiently cross-linked, then a fluid state is not realized during decomposition and the
planar aromatic structure cannot align. These carbon materials are difficult to graphitize
at high temperature and thus are called “hard” or nongraphitizable carbons. All carbon
materials formed by heating up to about 1300 – 1500 °C (so called soft carbon) have
been shown to consist of small domains of graphite-like hexagonal layers of carbon
atoms with a diameter of 1-1.5 nm and parallel stacking of two or three layers. These
have been called basic structure units (BSUs). Fig. 2.6 shows the nanotextures of BSUs
according to the type of aggregation and degree of preferred orientation [53].
The first scheme is the orientation of the carbon layers along a reference plane.
Highly orientated pyrolytic graphite (HOPG) is a typical example of synthetic graphite
having a high degree of plane orientation. The second scheme is the axial orientation of
the layers, either coaxial or radial. All of the fibrous carbon materials have this scheme
of orientation. The third scheme is the orientation of BSUs around a reference point
(point orientation), in which two cases have to be differentiated, radial and concentric.
Most spherical carbon particles have this texture. Fig. 2.7 shows three kinds of
arrangements of BSUs in spherical particles. The spherical particles were obtained in
pitches, so-called mesophase spheres (or mesocarbon microbeads MCMB), and also by
pressure carbonization of a mixture of polyethylene with a small amount of
polyvinylchloride called carbon spherules. These particles were found to have a radial
arrangement of BSUs.
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Fig. 2.6 The nano-textures in carbon materials.

Fig. 2.7 The arrangement of basic structure units in spherical particles.
(a) Mesophase sphere. (b) Carbon spherule. ( c) Carbon black.
A short bar means either an hexagonal carbon layer or a stack of layers (BSU).
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The structure of carbon materials strongly depends on precursors and heat treatment
conditions (temperature and pressure). The average interlayer spacing between
neighbouring hexagonal carbon layers d002, crystallite sizes along the c and a axes Lc
and La, and the probability of graphitic AB stacking between adjacent layers P1 are
commonly used as fundamental structure parameters. In general, the degree of
graphitization P1 and crystallite thickness Lc(002) increase with heat treatment
temperature.

2.4.3.2 . Lithium intercalation properties of carbon materials

The theoretical capacity of graphite is 372 mAh.g-1 (850 mAh.cm-3) based on the
reaction to form the LiC6 compound.

Li+ + 6C + e-

LiC6

(2.6)

The insertion compound LiC6 belongs to the graphite intercalation compounds (GICs)
of stage-1, where the stage number corresponds to the number of graphite layers which
separate two successive intercalated planes. Fig. 2.8 illustrates typical voltage-capacity
curves of MCMB treated at different temperatures, determined by monitoring its
voltage versus a lithium counter electrode during the first intercalation-deintercalation
cycle [54].
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Fig. 2.8 Charge-discharge curve of MCMB carbon anodes heat treated at various
temperatures.
The charge consumed in the first intercalation usually exceeds the theoretical capacity,
eg. 372 mAhg-1 for the formation of LiC6. This is generally regarded as caused by a
side reaction involving the decomposition of the electrolyte. The decomposition of the
electrolyte has been attributed to the exfoliation of the graphite, thus inducing
irreversible capacity. Therefore, the electrolyte must be carefully chosen to avoid such
catastrophic effects on the electrode. During the first intercalation, the side reaction
induces the formation of a passivation layer on the electrode surface called the solid
electrolyte interface (SEI). This SEI layer is electronically insulating, but ionically
conducting, which prevents further electrolyte decomposition while allowing ionic
transfer with in the solution. The formation of the passivation layer is an essential
effect in assuring the stability and cyclability of the carbon electrode, since it provides
the conditions for the desired electrochemical reactions even at voltage levels which fall
well below the limit of the stability of the most common electrolyte.
The lithium insertion behavior in hard carbon electrodes such as coke is somewhat
different from that observed in graphite electrodes. In contrast to graphite, the cycling
profile of the hard carbon electrode shows no evidence of staging plateaus but rather
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continuous charge/discharge curves sloping between 1.2 V and 0.2 V associated with
lithium intercalation [55]. It is believed that the insertion of lithium in hard carbon
electrodes corresponds to the filling of micro-pores in the carbon by clusters of lithium.
This mechanism would be expected to produce weakly bound lithium (relative to that in
Li metal) and a very low plateau consistent with experimental results. Hard carbon
materials consist primarily of small single layers of carbon arranged more or less like a
house of cards. Lithium could be absorbed on both surfaces of these single sheets,
leading to more lithium per carbon than in intercalated graphite, which would have the
theoretical maximum capacity of Li2C6 or 740 mAhg-1. In the structurally disordered
coke electrodes, the intercalation process does not promote formation of the staging
phases, and due to its lack of crystallinity, these electrodes are not as sensitive to the
nature of the electrolyte as is the case for the graphite electrodes. In fact, coke
electrodes are successfully used in commercial lithium-ion batteries, such as the Sony
Camcorder battery.
Hydrogen-containing carbons can deliver high lithium intercalation capacity up to
800 – 900 mAhg-1. The hydrogen could be playing a crucial role in the mechanism of
lithium insertion. The reversible capacity increases with an increasing of H/C atomic
ratio in this material. It has been suggested that lithium atoms can bind in the vicinity of
H atoms in hydrogen-containing carbons. The inserted lithium could transfer some of its
2s electrons to a nearby hydrogen, resulting in a corresponding change to the H-C bond,
which would cause changes in the relative atomic positions of the C and H atoms. The
hydrogen-carbon electrodes do not maintain their large capacities over long term
cycling [56,57].
Carbon anode materials are still under intensive investigation to improve their
specific capacity and cycle life. Some super carbons prepared by pyrolysing special
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precursors have demonstrated a capacity of more than 1000 mAhg-1 [58], but with a
short cycle life. Nano-crystalline carbons prepared via high energy ball-milling had a
lithium-insertion capacity of up to 2500 mAh/g in the first charge. Unfortunately, only
half of this capacity was reversible during the first discharge. Such large irreversible
capacity in the first cycle is unacceptable for any practical application [59, 60].
Nevertheless, it is expected that carbon materials will reach a capacity of 600 – 700
mAhg-1 with satisfactory cycle life and reversible capacity.

2.4.4

Lithium-alloys and intermetallic alloys as anode materials for lithium-ion
batteries

Lithium-alloys and intermetallic alloys as anodes for lithium-ion batteries were
thoroughly studied long before carbon materials. These alloy anode materials over
carbon anode materials have several advantages. Firstly, the lithium insertion in alloy
anodes provides an higher energy density than that of carbon anodes, specially in terms
of volumetric capacity, since the alloy density normally is much higher than for carbon.
Secondly, the operating voltage of alloy anodes is well above the potential of metallic
lithium. Thus, the problem of lithium deposition during charging can be minimized,
resulting in improved safety and rapid charging capabilities. Furthermore, alloy anodes
seem to lack the drawback of solvent co-intercalation, which is a common problem for
some carbonaceous materials. However, the theoretical volume changes related to the
insertion and extraction of lithium in alloy materials are quite substantial, usually
involving a factor of two to three. This results in a fast disintegration of the alloy anodes
(cracking and crumbling). The volume change of alloy anodes has a detrimental effect
on the performance of batteries. It usually causes a short cycle life. Fortunately, this
disadvantage can be overcome by employing nanocrystalline alloys with properly
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designed morphology and structure. Such nanomaterials bring the hope that alloys can
be used as anodes in the next generation of lithium-ion batteries.
Many metallic elements can alloy with lithium to form LixMy alloys. Fig. 2.9
compares the gravimetric capacity of some lithium-alloy forming metal elements. Pure
lithium has the largest specific capacity among all the metallic elements. Fig. 2.10
gives a comparison of volume changes after lithium insertion [61]. It is obvious that
there is almost no volume change for the carbon anode upon lithium intercalation.
Almost all other metallic elements have a dramatic volume increase upon lithium
insertion.
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Fig. 2.9 Gravimetric capacity of lithium alloys

In order to circumvent the problem of volume change upon lithium insertion, alloy
powders with small particle sizes have been synthesized by the chemical reaction
method. Powders of Sn, SnSb, and SnAg (typical grain size: 200-400 nm) have been
prepared. These fine grained alloy elements have demonstrated excellent cycling
performance [62]. A model for lithium insertion in alloys with small grain sizes has
been proposed. There are many pores and cavities in a loosely packed small particle
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size metallic matrix. During lithium insertion, even 100% volume expansion of
individual particles will not crack the electrode as the absolute changes in dimensions
are still small. In other words, the pores and cavities have the effect of buffering the
expansion of individual particles. During the extraction of lithium from LixM particles,
the expanded particles do not contract very much, so that the overall dimensions of the
electrode remain almost constant in the subsequent cycles.
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Fig. 2.10 The volume change of lithium-alloy forming elements before and after
lithium insertion.

Wolfenstine [63] made a prediction of the critical grain size below which microcracking
does not occur based on volume change as a result of Li insertion into brittle Li-alloys.
The predicted critical grain size was less than the unit cell size for a single-phase
material, which suggests that decreasing the particle/grain size cannot fundamentally
solve the mechanical instability problem associated with Li-alloys. Some potential
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solutions to solve the mechanical instability problems have been proposed: (i)
incorporating within the Li-alloys a ductile Li-ion conducting metal or polymer matrix,
or (ii) surrounding the alloys within a matrix, which places them under a compressive
stress [63]. The use of intermetallic alloys is another choice to provide a ductile matrix
for lithium alloying.
The intermetallic alloys MM’ have emerged as a new class of anode materials for
lithium-ion batteries. The operating voltage of these alloy anode materials is a few
hundred millivolts above lithiated graphite, which is generally considered to be safer
than carbon anodes. In the intermetallic compound MM’, M is an “inactive” element,
and M’ is an “active” element which can react with lithium to form LixM’ alloy. The
reaction is supposed to proceed as follow:
xLi+ + MM’ + e-

LixM’ + M

(2.11)

At the same time, the inactive M matrix is generated simultaneously. So, the reactions
between lithium and MM’ intermetallic alloys are generally described as displacement
reactions in which domains of lithium alloy LixM’ are created within the inactive M’
matrix.
It is well known that LixM’ alloy systems undergo several phase changes when the
active element M’ alloys with lithium to form a series of LixM’ alloys. For example, Sn
can alloy with lithium to form various LixSn alloys: Li5Sn2, Li7Sn2, Li13Sn5 and
eventually, if heavily lithiated, Li22Sn5. Severe volume expansion and contraction are
expected during charge/discharge cycles. These dramatic volume changes cause
cracking of alloy particles, damage the integrity of the electrode, and limit the cycle life
of the alloy electrode. This problem can be significantly improved by finely dispersing
the active lithium-alloying element in an inactive composite matrix. The inactive matrix
must be electrochemically conducting and mechanically ductile. It is believed that the
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inactive matrix provides structural stability to the composite electrode and combats the
volume change of the active element. Various intermetallic MM’ alloys show improved
cycling performance compared to the pure lithium-alloying metal. For example, some
intermetallic alloys such as Cu6Sn5 [64], FeSn2 and FeSn [65] have demonstrated much
improved cycling behavior compared to pure Sn. These alloys were prepared by either
powder sintering or ball-milling. When lithium ions are inserted into these anode
materials, a displacement reaction occurs in which the intermetallic structure is broken
down to form a series of LixSn alloys within the inert Cu or Fe matrix. In situ x-ray
diffraction studies combined with Mossbauer spectroscopy have confirmed the
formation of metallic Cu and Fe in Cu6Sn5 and FeSn2 electrodes after cycling. This
displacement reaction is partially reversible. The capacity fade on cycling has been
attributed to the agglomeration of the inactive phase into larger grains.
Nanocrystalline alloys provide an approach to further improving the electrochemical
performance of intermetallic MM’ alloy anode materials. Since there exist countless
pores and cavities within nano-crystalline materials, these cavities provide some free
room for the volume expansion of the active element when reacting with lithium to
form LixM’ alloys. The inactive matrix generated is also nanocrystalline in nature,
which will be compatible with the original MM’ alloys if the starting materials are
nanocrystalline.
Theoretically, the intermetallic MM’ alloys can be any combination of active
element M’ and inactive element M depending on their ability to react with lithium to
form lithium-alloy. Therefore, there will be many intermetallic alloys which have the
potential to be used as anode materials for lithium-ion batteries. Furthermore, the
intermetallic alloys can be ternary, or multi-element. This means that there can be two,
three or more different active elements and vice versa for the inactive element. Thus the
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possibilities for intermetallic alloys are many. Intensive research work is required to
explore and classify appropriate intermetallic alloys for lithium-ion batteries.

2.4.5

Tin oxide and its composite anode materials

The tin-based amorphous composite oxide (TCO) anode materials were first
developed by Fujifilm Celltec [66, 67]. The TCO anode yields a specific capacity for
reversible lithium adsorption more than 50 percent higher than those of the carbon
families. It provides a gravimetric capacity of

> 600 mAhg-1 for reversible Li

adsorption and release, which corresponds in terms of reversible capacity per unit
volume to more than 2200 mAhcm-3. The tin-based composite oxide active material has
a basic formula represented by SnMxOy, where M is a group of glass-forming metallic
elements whose total stoichiometric number is equal to or more than that of tin (x ≥ 1)
and which are typically comprised of a mixture of B (III), P (V), and Al (III). In the
oxide structure, Sn (III) forms the electrochemically active center for Li insertion and
potential development, and the other metal group provides an electrochemically inactive
network of –(M-O)- bonding that delocalizes the Sn (II) active center. To confer high
reversibility in Li storage and release, the Sn-O framework is thus anisotropically
expanded by incorporating glass-forming network elements – B, P, and Al in view of
the enhancement of Li-ion mobility in the anisotropic glass structure, which is favorable
for ionic diffusion and release. The TCO SnB0.5P0.4Al0.42O3.6 was prepared by mixing
SnO, B2O3, Sn2P2O7 and Al2O3, sintering at the high temperature of 1100 °C for more
than 10 hours, and then quenching to room temperature. The major drawback for the
TCO anode is the large irreversible capacity in the first cycle (~ 40 percent of the first
charge), which requires excess cathode material to compensate.
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Various tin oxides have been investigated as anode materials for lithium-ion
batteries, including SnO, SnO2, Li2SnO3 and SnSiO3 glass. All of these oxides can react
reversibly with lithium with a capacity between 1200 mAhg-1 and 1500 mAhg-1 in the
first charge, but with a large irreversible capacity. In situ x-ray diffraction
measurements have revealed that these tin oxides and tin oxide composites follow a
similar mechanism for lithium insertion. When lithium ions are inserted into these
oxides, Li2O and Sn are generated simultaneously. Then the lithium alloys with Sn form
a series of LixSn alloys. The subsequent cycle is a process of alloying/de-alloying of
lithium with tin. These processes are shown as follows.
6.4Li + SnO

Li2O + Li4.4Sn

Li2O + 4.4Li + Sn

(2.7)

8.4Li + SnO2

2Li2O + Li4.4Sn

2Li2O + 4.4Li + Sn

(2.8)

6.4Li + SiSnO3

8.4Li + Li2SnO3

Li2O + SiO2 + Li4.4Sn
Li2O + SnO2 + 4.4Li + Sn

(2.9)

3Li2O + 4.4Li + Sn

(2.10)

The formation of a Li2O and SiO2 matrix may act to retard the aggregation of tin atoms
into large coherent regions. When large tin regions form, the large volume differences
between coexisting bulk Li-Sn phases may introduce cracking and crumbling of the
electrode structure. Therefore, the capacity will lost [68].
The electrochemical performance of the SnO2 electrode can be improved by Mo
doping. It was found that the Mo doping influences the growth habit of the SnO2
crystallites and facilitates growth along the [hk0] direction. The presence of Mo in the
Li-Sn alloy formed may favor Sn atom dispersion, which contributes to improvement of
the reversibility of the Li reaction [69].
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Much work has been done on TCO and tin oxides. Although TCO glass and some
nanocrystalline tin oxides have demonstrated excellent rechargeability, the problem of
large irreversible capacity related to oxygen in the first cycle is still not solved, and this
prevents their commercial application.

2.4.6 Other anode materials for lithium-ion batteries

In addition to carbons, lithium-alloys and intermetallic alloys as anode materials,
some metal oxides such as Li4Ti5O12 have been proposed for lithium-ion batteries.
Spinel Li4Ti5O12, which is called a zero-strain insertion material, has a very stable
structure for lithium insertion/extraction. Li4Ti5O12 spinel has demonstrated excellent
cyclability [70]. Some perovskite materials can also accommodate lithium insertion
since there exist some ionic vacancies exist in the structure of some defect perovskites.
However, all of the above oxide electrode materials exhibit a high average voltage
versus metallic lithium for lithium intercalation and de-intercalation. Some of them
have limited reversible capacity. This results in low energy density when used as the
anode in a complete cell.
Carbonaceous materials are the major anode materials. After the initial interest in
non-crystalline carbons, the general trend is to use crystalline carbons. In this regard,
natural or synthetic graphites are preferred. Intermetallic alloys, especially
nanocrystalline alloys, are emerging as new anode materials for the new generation of
lithium-ion batteries with high energy density.
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2.5 Electrolyte for lithium-ion batteries

The electrolyte plays an important role in determining the electrochemical
performance of lithium-ion cells. Lithium-ion batteries must employ an organic
electrolyte system due to the very active nature of lithium. The constitution of the
electrolyte is usually dissolved lithium salts of non-coordinating anions dispersed in an
organic solvent. Non-liquid electrolytes are also under development for use in lithium
secondary battery technology. In recent developments, polymer electrolytes, especially
gel-type polymer electrolytes, have attracted wide attention. Lithium-ion polymer
batteries and lithium polymer batteries are already in commercial production. Some
lithium-ion conducting glasses or ceramics also have potential to be used as electrolytes
to construct all-solid-state lithium-ion batteries. For solid-state lithium secondary
batteries employing either polymer electrolytes or Li-ion conducting glass or ceramics,
the rate capacity of the cell is usually limited by the lithium ion conductivity of the
solid-state electrolyte.
The liquid electrolyte systems for lithium-ion batteries are very complicated and
involve the combination of a lithium salt and organic solvents. The lithium salt must be
non-toxic and thermally, chemically, and electrochemically stable. Further requirements
for lithium salts are sufficiently high solubility ( > 1M) in dipolar aprotic solvents,
sufficiently high conductivity of the electrolyte solution ( > 5 mS/cm) and compatibility
with all cell materials. The commonly used lithium salts are LiClO4, LiAsF6, LiPF6,
LiSO3CF3, LiN(SO2CF)3, etc. There are some problems associated with these salts. For
example, LiClO4 solutions are thermally unstable and have explosion risks in ether.
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LiPF6 itself is thermally unstable in the solid state and decomposes to yield scarcely
soluble LiF and Leis acid PF5 [71].
The solvents used to form electrolytes usually are aprotic organic solvents. The
popularly used solvents include PC (propylene carbonate), DME (1,2-dimethoxylethane), EC (ethylene carbonate), DMC (dimethyl carbonate), DEC (diethyl carbonate),
THF (tetrahydrofurane), 2MeTHF (2-methyltetrahydrofuran), etc. As mentioned above,
a passivation film formed on the surface of the carbon anode is critical for successful
operation of lithium-ion cells. The solvents relevant to lithium-ion battery systems must
undergo thermodynamically favourable reduction to form insoluble, stable lithium salts
(organic or inorganic), which will passivate on the surface of the anode [72].
Many types of conducting polymers have been developed in the past two decades
[73-76]. The science of polymer electrolytes is an interdisciplinary field, encompassing
the disciplines of electrochemistry, polymer science, organic chemistry and inorganic
chemistry. One of the most important applications for polymer electrolytes is as the
solid-state electrolyte in lithium or lithium-ion polymer batteries. Li-ion conducting
polymer electrolytes must satisfy certain criteria:
(i) Ionic conductivity: The conductivity of the liquid electrolyte is in the range of 10-310-2 Scm-1. A polymer electrolyte should have a conductivity of more than 10-3 Scm-1
at room temperature, in order to ensure that the batteries can be charged and discharged
at a current density of several mAcm-2.
(ii) Chemical, thermal and electrochemical stability: The polymer electrolytes must be
chemically stable in contact with both anode (lithium or carbonaceous materials) and
cathode. They should also have an electrochemical stability range of 0-4.5 V vs. Li/Li+,
in which the batteries operate. Furthermore, a polymer electrolyte must have good
thermal stability because batteries sometimes operate at elevated temperature.
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(iii) Mechanical strength: A polymer electrolyte must be robust enough to act as a freestanding membrane.
(iv) Transference number: It is desirable that the transference number of Li-ions in the
polymer electrolyte be as high as possible. The conductivity of the electrolyte relies on
the movement of ionic charge. Therefore, the transference number for a polymer
electrolyte should be more than 0.5.
There are two categories of polymer electrolyte systems: pure solid polymer
electrolyte (SPE) and the gelled polymer electrolyte system. The SPE system usually
has poor conductivity but strong mechanical strength. Whereas, the gelled polymer
electrolyte system has good conductivity but is not mechanically strong. Polymers such
as poly (vinylidene fluoride) (PVdF), poly(methyl methacrylate) (PMMA) and poly
(acrylonitrile) (PAN) polymers and several different lithium salts LiX (X = (PF6 )-1,
(ClO4)-1, (BF4 )-1, N(CF3SO2)2, etc., are usually used to prepare polymer electrolyte.
The gel network can be formed either via chemical cross-linking or physical crossing,
through which the mechanical strength can be improved. The general trend is to use geltype polymer electrolyte because of its high Li-ion conductivity and good flexibility.
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Chapter 3 Experimental
3.1

Starting materials

All the chemicals used in the present work are listed in Table 3.1 and Table 3.2.

Table 3.1 Descriptions of chemicals used for synthesising the anode materials.

Materials

Formula

Purity

Company

Iron

Fe

99%

ALDRICH

Acetylene

CH2CH2

99.9%

BOC

Lithium carbonate

Li2CO3

99%

Pacific Lithium

Nitric acid

HNO3

30%

ALDRICH

Carbon powder
(VXC)

C

_

CABOT
Australia Pty. Ltd

Graphite

C

_

ALDRICH

Lithium hydroxide

LiOH

98%

ALDRICH

Sodium hydroxide

NaoH

99%

ALDRICH

Sodium
hypophosphite

NaH2PO2

99%

ALDRICH

Sodium citrate
dehydrate

HOC(CO2N)
(CH2CO2Na)2.2H2O

99%

ALDRICH
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Table 3.2 Descriptions of chemicals used in the preparation of electrode and
electrolyte

Product Name

Molecular Formula &
Formula Weight

Lithium
(hexafluorophosphate)

LiPF6

EC
(Ethylene carbonate)

C3H4O3

DMC
(dimethyl carbonate)

C3H6O3

PVDF
(polyvinylidene
fluoride)

DMP
(dimethyl phalate)

3.2

(-CH2CF2-)n

C6H4-1,2-(CO2CH3)2

Putity

Company

98%

ALDRICH

>99%

FLUKA

99%

FLUKA

_

ALDRICH

99%

ALDRICH

Experimental procedures

The entire experimental procedure is illustrated in Fig. 3.1, and each part of the
procedure will be described in the following subsections.
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Fig. 3.1. Schematic diagram of experimental procedures.
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3.3

Electrode/cell fabrications

Electrodes and cells are fabricated by following procedures.

3.3.1 Electrode fabrication

The electrode materials were ground at a rotation speed of 125 r.p.m. for 30 minutes
with a Fritsch Planetary Mill (Pulverisette 5 manufactured in Germany). Electrodes
were prepared by coating slurries of the respective powders and polyvinylidene fluoride
(PVDF) dissolved in dimethyl phalate (DMP) on a copper foil substrate. A microporous
plastic film (Cellgard 2500, Cellgard Co., USA) was used as separator. The thickness of
the coated film was about 300 µm. After coating, the electrodes were dried for 12 h at
120oC and pressed between steel plates at 3.0×106 Pa/cm2. The area of each electrode
was 0.785 cm2.

3.3.2

Cell assembly

The structure of the Teflon test cells is shown in Fig. 3.2. The test cell consisted of two
stainless steel lips, Teflon case and a spring. The spring was used to connect two
terminals. The cells used a polypropylene microporous separator, with the separator
sandwiched between both electrodes. An electrolyte [1M LiPF6 dissolved in a 50:50
volume percent (v/o) mixture of ethylene carbonate (EC) and diethyl carbonate (DEC)],
and a 300 µm thick, 0.78 cm2 lithium foil for the negative electrode were used. Cells
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were assembled in an argon-filled glove box (Unilab, Mbraun, USA) with both water
and oxygen concentrations less than 0.1 ppm.

stainless steel lip

spring
Li electrode

separator

test electrode
Teflon case
stainless steel lip

Fig. 3.2. Structure of teflon test cell.

3.4

Electrochemical testing

3.4.1 Charge/discharge of cells

Charge/discharge tests were carried out by using a battery test device with a computer
(PC) and software. The system is capable of switching between charge and discharge
automatically according to the cut off potentials set. The battery charge/discharge
system is schematically illustrated in Fig. 3.3.
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Teflon test cell

PC

Cell tester

Fig. 3.3. Schematic of charge/discharge system.

3.4.2 Cyclic voltammertry

The basic approach in controlled-potential methods of electrochemistry is to control in
some manner the potential of the working electrode while measuring the resultant
current, usually as a function of time. In cyclic voltammetry, the voltage is scanned
from E1 to E2, then is reversed from E2 to E1. Fig. 3.4. illustrates the potential-time
profile used for cyclic voltammetry.

E2

E1

Time
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Fig. 3.4. Potential-time profile used for cyclic voltammetry.

Cyclic voltammertry is one of the most reliable electrochemical approaches to elucidate
the nature of the electrochemical process, and to provide insights into the nature of
processes beyond the electron-transfer reaction. It is used in the present work to study
the electrochemical properties and estimate the cycle efficiencies.

In a cyclic

voltammogram, the positive current represents the lithium de-intercalation process, and
the negative current the lithium intercalation process. Data were acquired using a
scanning potentiostat (362 Model, EG&G Princeton Applied Research and/or CV-27,
AD Instruments Pty.Ltd.) with a Maclab/8 interface (Analog Digital Instruments, AD
Instruments Pty. Ltd.) to a Macintosh computer supported by Chart version 3.3.5
software. The system is schematically illustrated in Fig. 3.5.

MacLab /4e

EG &G - 362

Macintosh computer

Teflon test cell

Fig. 3.5. Schematic of cyclic voltammetry measurement system.

3.4.3 Electrochemical AC impedance analysis

Electrochemical Impedance Spectroscopy (EIS) is a powerful method of characterising
many electrical properties of materials and their interfaces with electronically
conducting electrodes. Its application to the mechanistic study of electrochemical
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processes has expanded rapidly over the last two decades and has proved to be a
powerful experimental method for the study of surface processes. It is applied in the
present work to study the discharge mechanism of the negative electrodes of lithium-ion
batteries.
Impedance analysis was conducted using an EG&G PARC Model 6310
Electrochemical Impedance Analyzer manufactured by Princeton Applied Research.
The analyzer is equipped with Model 398 software. The whole system applies an ac
excitation to an electrochemical system, measures the response of the system to the
excitation, and digitizes and stores the resulting data for processing and display. The
frequency of the ac excitation ranges from 50 µHz to 100 kHz.

3.5

X-Ray diffraction (XRD)

X-ray diffraction was performed on a Philips PW1010 X-ray diffractometer (Holland).
The instrument operates at room temperature, with θ-2θ optics and is equipped with a 3
kW generator and Cu Kα X-ray tubes. The instrument is fully automated and operates
in conjunction with a comprehensive data (ICDD, US). The 2θ accuracy of the
instrument is ±0.005 degree. The system is interfaced with Sietronics XRD 122 and an
advanced TRACES version 3.0 software designed for graphical processing and
manipulation of XRD traces, or scans ( provided by Diffraction Technology Pty. Ltd ).
The tube voltage and current were 40 kV and 25 mA respectively.

3.6

Scanning Electron Microscopy (SEM)
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Morphologies of the electrodes were examined using a Leica Model Stereoscan 440
scanning electron microscope manufactured in the UK. The instrument is fully
automated and software controlled (beam control, XYZ stage control, etc.). It is
equipped with a secondary electron detector and backscattered electron detector. At the
highest magnification, the resolution is in the nanometer range. SEM examinations were
carried out at room temperature under an accelerating voltage of 20 kV.
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Chapter 4
The Application of Carbon Nanotubes
as Anode Materials in Li-ion Batteries
4.1

Introduction

Carbon nanotubes (CNTs) were discovered by Iijima [77], who produced helical
microtubules of graphitic carbon using an arc-discharge evaporation method. Since
then, tremendous interest and effort have been devoted to the synthesis, characterisation
and application of carbon nanotubes. In general, carbon nanotubes can be classified into
two categories: e.g., multiwalled carbon nanotubes (MWNTs) and single walled carbon
nanotubes (SWNTs). MWNTs consist of graphitic sheets rolled into closed concentric
cylinders, in which the concentric tubes are separated by ~ 3.4 Å. The external
diameters of MWNTs can range from a few nanometers to tens of nanometers [78]. The
lengths of MWNTs are in the range of several micrometers. SWNTs are defined as
cylindrical graphene sheets with a diameter of about 0.7-10.0 nm. Due to the fact that
SWNTs have a large aspect ratio ( which can be as large as 104 – 105 ), they can be
considered as one-dimensional nanostructures [79].
Carbon nanotubes can be produced using various techniques, such as electric arc
discharge [80, 81], laser vaporization [82, 83] and chemical vapor deposition [84-86].
Since carbon nanotubes have unique structural, mechanical, electronic and electrical
properties, they are an attractive system for a wide range of applications such as
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nanoscale electronic devices [87], chemical filters, energy storage [88] and electron
field emission sources.
Since various carbonaceous materials can reversibly react with lithium in the Li-ion
cell, carbon nanotubes have been suggested for application as lithium storage materials
in Li-ion batteries [89-91]. It has been reported that carbon nanotubes demonstrated
reversible lithium storage capacity in the range of 80-600 mAh/g. The electrochemical
performance of carbon nanotubes strongly depends on their structure, morphology and
disorder. In this investigation, multiwalled carbon nanotubes were produced using
chemical vapor deposition (CVD). The nanocrystalline iron powders were used as
catalysts for the growth of carbon nanotubes. The electrochemical properties of these
carbon nanotubes were systematically tested.

4.2

Experimental

The carbon nanotubes were prepared by catalytic chemical vapor deposition (CVD)
using nanocrystalline iron as the catalyst. The nanocrystalline iron powders were
obtained by high energy ball milling of coarse iron powders in an argon filled vial.
During the production of carbon nanotubes, the iron catalysts were placed in a quartz
tube mounted in a tube furnace. The furnace was initially evacuated and then purged
with argon. The furnace was then heated to 800 °C – 1000 °C while maintaining an
argon flow. The argon was then replaced by acetylene at a flow rate of 100 – 400
ml/min for 20 – 40 minutes. The synthesized CNTs were then annealed at 900 °C for 1
hour before being allowed to cool down. The catalyst remaining in the carbon
nanotubes was removed by dissolving the samples in diluted nitric acid and thoroushly
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washing with de-ionised water. After that, the carbon nanotubes were dried at 110 °C in
a vacuum oven.
The microstructure and morphology of carbon nanotubes were observed using a
JEOL EM 2010 HRTEM microscope. The carbon nanotubes were dispersed in acetone
by ultrasonic agitation and then dropped onto carbon grids. X-ray diffraction
measurements were carried out on a Mo3xHF22 diffractometer (MacScience Co. Ltd,
Japan). The Teflon testing cells were fabricated to test the electrochemical properties of
the carbon nanotubes as anodes in Li-ion cells. The carbon nanotube electrodes were
made by dispersing 95 wt% CNTs and 5 wt% polyvinylidene fluoride (PVDF) binder in
dimethyl phthalate solvent to form a slurry, which was then pasted onto a nickel foam.
The electrodes were dried at 120 °C in a vacuum oven for 24 hours. The two-electrode
testing cells were assembled for charge/discharge testing. For cyclic voltammetry and
a.c. impedance measurements, three-electrode test cells were prepared, in which the
counter electrode and reference electrode were Li foil. The cells were galvanostatically
charged and discharged at different current densities, and showed voltage behaviour
over the voltage range 0.01 – 3.0 V versus Li/Li+. Cyclic voltammetry (CV), was
performed to determine the characteristics of the lithium reaction with the carbon
nanotube electrodes. The CV measurements were carried out on a potentiostat (Model
M362, EG&G Princeton Applied Research, USA) at a scanning rate of 1 mV/S. a.c.
impedance measurements were performed on as-prepared carbon nanotube electrodes at
different potentials. Before a.c. impedance measurements, the cell was pre-cycled
galvanostatically between 3.0 V and 0.05 V for 5 cycles at a current density of 0.02
mA/cm2 to establish and stabilize the solid electrolyte interface (SEI) between the
electrolyte and carbon nanotube electrode. The cell was potentiostatically conditioned
to a certain potential and equilibrated for 3 hours. After this, the a.c. impedance
47

Chapter 4 The Application of Carbon Nanotubes as Anode Materials in Li-ion Batteries
----------------------------------------------------------------------------------------------------------------------------

spectroscopy was performed by applying a sine wave of 5 mV amplitude over a
frequency range of 100 kHz to 10 mHz.

4.3

Results and discussion

The XRD pattern of the as prepared carbon nanotubes is shown in Fig. 4.1. The
(002) and (101) diffraction lines are the only distinguishable diffraction peaks. Both of
these two diffraction peaks are broadened. The d002 value derived from this X-ray
diffraction pattern is 3.44 Å. From the XRD pattern, it can be concluded that the
prepared carbon nanotubes are partially graphitized. The crystalline size Lc of the
carbon nanotubes was calculated by the Scherrer equation: Lhkl = 0.89λ/(βCosθ), where
λ is the X-ray wave length, θ is the Brag angle. Using the (002) diffraction line to
calculate Lc, the Lc of MWNTs prepared in this investigation is 2.8 nm.

(002)

700
600

400
300
(101)

Intensity ( a.u.)

500

200
100
0

20

30

40

50

60

70

80

Angles (2θ)

Fig. 4.1. X-ray diffraction patterns of multiwalled carbon nanotubes.
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The morphology and microstructure of the carbon nanotubes were carefully examined
by HRTEM observation. Fig. 4.2 shows the morphologies of the as-prepared carbon
nanotubes. As shown in Fig. 4.2(a), most of the carbon nanotubes are entangled
together to form bundles or ropes. There is a small amount of amorphous carbon
particles present in the sample. However, the yield of carbon nanotubes is more than
90%. By carefully observing the tips of the carbon nanotubes, it can be seen that the tips
of each nanotubes are closed, typically with a curly shape. This is commonly observed
with carbon nanotubes synthesized by other techniques such as arc discharge and laser
ablation [85, 89]. Fig. 4.2(b) shows a view of a single carbon nanotube, which has a
typical bamboo structure. The bamboo shape indicates that the carbon nanotubes have
grown according to a certain kinetic mechanism. Fig. 4.2(c) shows a further magnified
view of a single carbon nanotube. It clearly demonstrates the central hollow cylinder
structure. The diameter of a single carbon nanotube is around 20 - 50 nm.

(a)
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(b)

(c)
Fig. 4.2. HRTEM images of multiwalled carbon nanotubes.
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Cyclic voltammetry of the carbon nanotube electrode was conducted, with lithium
foils used as both working and reference electrodes. Fig. 4.3 shows the cyclic
voltammograms of a carbon nanotube electrode. The characteristics of the CV curves
demonstrated that lithium can reversibly intercalate and de-intercalate into carbon
nanotube electrodes. The Li insertion potential is quite low, which is very close to 0 V
versus the Li+/Li reference electrode, while, the potential for Li de-intercalation is in the
range of 0.2 - 0.4 V. There is a slight voltage hysteresis between lithium intercalation
and de-intercalation, which is similar to what is found with the other carbonaceous
materials [95]. The intensity of the redox peaks decreases with the scanning cycle,
indicating that the reversible Li insertion capacity gradually decreases.
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Fig. 4.3. Cyclic voltammogram of carbon nanotube electrode in Li-ion cell.
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Fig. 4.4. shows the first discharge and subsequent discharge curves of a carbon
nanotube electrode at a current density of 20 mA/g. The first discharge curve shows a
plateau at about 0.8 V. This discharge plateau probably relates to the formation of a SEI
layer (solid electrolyte interface) on the surface of the carbon nanotubes, which is
associated with electrolyte decomposition and the formation of lithium organic
compounds. Because the carbon nanotubes have large specific surface area, the 0.8 V
discharge plateau occupies a capacity of about 350 mAh/g and is not reversible. In the
subsequent cycles, the 0.8 V discharge plateau disappeared. A reversible capacity of
340 mAh/g was obtained in the subsequent cycle, which is very similar to some
graphite anode materials. To test the rate capacity of carbon nanotube electrodes, the
cells were cycled at different current densities.
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Fig. 4.4. The discharge curve of carbon nanotube electrode. Current density: 20 mA/g.
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Fig. 4.5 shows the lithium insertion capacity versus cycle number at different current
densities. The discharge capacity degrades substantially during the first cycle. However,
after the first cycle, the reversible capacity starts to stabilize at a certain level, which
depends on the current density. It was found that the lithium insertion capacity for
carbon nanotube electrodes is sensitive to the current density. At a relatively low current
density, a reversible lithium insertion capacity of 340 mAh/g was obtained up to 30
cycles. When the carbon nanotube electrodes were charged and discharged at high
current density, the reversible capacity was much lower than that at low current density.
According to the “Russian doll” model, multiwalled carbon nanotubes consist of
graphitic sheets rolled into closed concentric cylinders [77]. The concentric tubes are
separated by van der Waals gaps of ~ 3.4 Å, a typical interlayer spacing in turbo
stratically disordered graphite. Assuming lithium ions can only combine at every second
hexagon on the external surface of the rolled graphene sheet, the limiting stoichiometry
would be less than LiC6 in principle. Most tips of carbon nanotubes were closed.
Therefore, lithium ions cannot diffuse inside the tubes. In this case, the internal
graphene surfaces are not accessible for lithium ions. The maximum lithium insertion
should be less than the theoretical capacity of graphite 372 mAh/g, assuming the
formation of the LiC6 intercalation compound. The reversible lithium insertion capacity
achieved for carbon nanotubes at low current density was about 340 – 350 mAh/g,
which supports the above analysis for the mechanism of lithium insertion in multiwalled
carbon nanotubes.
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Fig. 4.5. The discharge capacity vs. cycle number for MWNTs electrode at different
current densities. The voltage range for cycling is from 0.01 V to 2.0 V.

There are some potential avenues to improve the lithium storage capacity of carbon
nanotubes. One way is to open the tips of carbon nanotubes, so that the lithium ions can
diffuse into the tubes. Therefore, the internal surface of the graphene sheet becomes
accessible for lithium ions. It is expected that the lithium storage capacity will increase
through such treatment.
A.c. impedance spectroscopy of carbon nanotube electrodes was conducted both
during the lithium insertion. During the lithium insertion process, the carbon nanotube
electrode was galvanostatically cycled for 5 cycles and then stopped at 3 V. A.c
impedance spectroscopy was then conducted at each step by potentiostatically
discharging the cell to the desired potential from 3.0 V to 0.1 V. Fig. 4.6 shows the
typical Nyquist complex plane impedance plots. At potentials of 3.0 V, 2.0 V and 1.5
V, the carbon nanotube electrode exhibited the behavior of a blocking electrode in its
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impedance spectrum, which shows a straight line bending to approach the an angle of
90° to Zreal axis. This indicates that the amount of lithium intercalation is negligible in
the potential range of 3.0 V – 1.5 V [91]. From Fig. 4.3, it can also be seen that lithium
insertion starts from 1.5 V. The high frequency parts of the impedance spectrum are
emphasized in Fig. 4.7. At a potential above 1.5 V, only one semicircle is observed in
the high frequency regime (see Fig. 4.7(a)). However, in the potential regime below 1.5
V, two semicircles were observed in the high and medium frequency regime (see Fig
4.7(b)). An inclined line appeared in the low frequency region. In the later case, the
high frequency semicircle is attributed to the impedance of the surface films formed on
the carbon nanotubes and nickel foam. The semicircle in the middle frequency region
can be assigned to the charge-transfer impedance on the MWNTs electrode / electrolyte
interface. The tail at approximate 45° to the real axis is attributed to the lithium
diffusion within the carbon nanotube electrode.
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Fig. 4.6. AC impedance diagrams of MWNTs electrodes at different potentials
During the lithiation process. The frequency range: 100 kHz – 0.01 Hz.
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Fig. 4.7.

The high frequency portion of a.c. impedance spectrum of MWNTs
electrode during lithiation process.
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At very low frequency, the MWNTs electrode can be treated as a capacitor CL and a
resistor RL in series, sometimes referred to as the limiting resistance and the limiting
capacitance respectively. The lithium diffusion coefficients in the MWNTs host can be
deduced from the formula DLi = L2/(3RLCL) where L is the maximum diffusion length
[93, 94]. Assuming lithium diffusion parallel to the carbon nanotube bundle, in that
case, the maximum diffusion pathway L is about 1 µm. The relationship between DLi
and the electrode potential is presented in Fig. 4.8. The value of DLi decreases with a
decrease in the electrode potential. Since the Li concentration increases with decreasing
electrode potential, therefore, it can be concluded that the lithium diffusion coefficient
is affected by the Li concentration in the carbon nanotube host.
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Fig. 4.8. Variation of chemical diffusion of Li-ion (DLi) in MWNTs electrode.
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4.4

Conclusion

Multiwalled carbon nanotubes were successfully prepared by the chemical vapor
deposition method. The as-prepared carbon nanotubes have a typical diameter of about
several tenths nanometers. Electrochemical testing shows that a carbon nanotube
electrode can deliver a reversible capacity of 340 - 350 mAh/g in Li-ion cells, which is
similar to some graphite electrodes. Further improvement of the Li storage capacity is
possible by opening the end of carbon nanotubes to allow lithium insertion into the
inner graphene sheet of carbon nanotubes. The kinetics of Li-ion insertion in carbon
nanotube electrodes were characterized by a.c. impedance measurements. The lithium
diffusion coefficient (DLi) decreases significantly with increasing of Li concentration in
carbon nanotube electrodes.
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Chapter 5
Electrochemical Studies of Mesocarbon Microbeads
Carbon as an Anode in Lithium–ion Cells
5.1

Introduction

Various graphitic and non-graphitic carbons have been extensively investigated as
anode materials for lithium-ion batteries. The application of carbon anodes in lithiumion batteries significantly reduces the safety concerns related to batteries with lithium
metal anodes [96, 97]. There are many advantages of carbonaceous anodes over lithium
metal. Firstly, there is no risk of growing lithium dendrites on the surface of the
electrode. This is because lithium ions are inserted into the structure of the carbons.
Secondly, the reaction rate is limited by the diffusion of lithium ions. Therefore,
reaction rates at high temperature are much lower than those of lithium-metal. Thirdly,
the carbonaceous anodes do not melt under normal conditions, which does happen to
lithium metal anodes. The critical property for carbon anodes in organic electrolyte is
the formation of a passivation layer on the surface of the lithiated carbon. This
passivation layer ensures that the electrode has sufficient stability and reversibility to
undergo long-term cycles without irreversible capacity loss [98-103]. In general, there
are two types of carbons, which can be used for lithium storage. They are graphitized
carbon and non-graphitzed carbon. Non-graphitizable carbon or hard carbon has a large
lithium insertion capacity but suffers a large irreversible capacity. The irreversible
capacity requires excess cathode materials to provide lithium ion resources, which
causes low energy density of the battery pack. The irreversible capacity for graphitized
carbon is much smaller. Graphitized mesocarbon microbeads (MCMB) represent an
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industrial benchmark for the lithium-ion battery industry. MCMB carbons have good
capacity at low voltage and good cyclability. That is why it is important to
systematically characterize the electrochemical properties of MCMB carbon as anodes
in lithium-ion cells.
In this investigation, the electrochemical performance of MCMB carbon electrodes was
tested via various electrochemical techniques. The kinetics of lithium-ion insertion in
MCMB carbon were characterized by a.c impedance spectroscopy measurements.

5.2

Experimental

The MCMB (Mesocarbon Microbeads) graphitized carbon was supplied by Osaka Gas
Co, Japan. This carbon material was graphitized at 2800 °C. The morphology of the
MCMB particles was observed by scanning electron microscope. X-ray diffraction was
performed on MCMB carbon powders using a Phillps PW1730 diffractometer with CuKα radiation. Particle size analysis was performed on MCMB powders using a Malvern
Laser Particle Size Analyzer. Teflon testing cells were assembled for electrochemical
characterization of MCMB electrodes using lithium foil as counter electrodes. The
MCMB electrodes were made by dispersing 95 wt % active materials and 5 wt%
polyvinylidene fluoride (PVDF) binder in dimethyl phthalate solvent to form a slurry,
which was then spread onto copper foil. The area of the electrode was 1 cm2. The
thickness of the electrode was controlled to be 60-80 µm with a loading of 2-3 mg. The
cells were galvanostatically charged and discharged over a voltage range of 0.05 – 1.5
V versus Li/Li+. A.c. impedance measurements were performed on the MCMB
electrodes using an EG & G Princeton Applied Research Electrochemical Impedance
Analyser (model 6310). Before the a. c impedance measurements, the cells were precycled galvanostatically between 0.05 V and 1.5 V for 5 cycles to establish and stabilize
60

Chapter 5 Electrochemical Studies of MCMB Carbon as an Anode in Lithium–ion Cells
----------------------------------------------------------------------------------------------------------------------------

the solid electrolyte interface (SEI) between the electrolyte and the MCMB carbon
electrode. The cell was potentio-statically conditioned to a certain potential and
equilibrated for 3 hours. After wards, a.c impedance spectra were obtained by applying
a sine wave of 5 mv amplitude over the frequency range of 100 kHz to 1 mHz.

5.3

Results and discussion

5.3.1 Physical characterization of MCMB carbon
The morphology of MCMB carbon particles was observed by SEM. Fig. 5.1 shows a
SEM image of MCMB particles. MCMB agglomerates have a spherical shape and
consists of many small graphite particles. The spherical agglomerates have an average
particle size of 10-15 µm. A substantial amount of small non-spherical graphite
particles is also present. The co-existence of large spherical agglomerates and small
particles would allow the electrode to have an `higher packing density according to the
principle of powder packing. This will increase the energy density when MCMB
carbons are used as anode materials in lithium-ion batteries.
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Fig. 5.1 SEM image of MCMB carbon particles.
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The X-ray diffraction pattern of MCMB carbon is shown in Fig 5.2. MCMB carbon is a
very well graphitised carbon with a strong (002) diffraction line. The d space of d002
equals 3.351 Å, which is the same as for perfect graphite (d002 = 3.35 Å). Using a laser
particle size analyzer, the average particle size of MCMB carbon was measured to be
around 13.2 µm. The particle size distribution is shown in Fig 5.3. From the particle
size distribution, it can be seen that there are bimodal peaks. The small MCMB particles
have an average particle size of ~ 2 µm. This is consistent with the results of SEM
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Fig. 5.2 X-ray diffraction pattern of MCMB carbon powders.
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Fig. 5.3 Particle size distribution of MCMB carbon powders.

5.3.2

Electrochemical testing of MCMB carbon as anodes in lithium-ion cells

Fig 5.4 shows the cyclic voltammograms of MCMB carbon electrodes in lithium-ion
cells, in which a lithium foil was used as the counter electrode and reference electrode.
In the first scanning cycle, there is a small hump in the potential range of 0.24 – 0.33 V,
which is related to the formation of a passivation film on the surface of the MCMB
electrode [104,105]. The passivation layer is usually called the solid electrolyte
interface (SEI). In the subsequent scanning cycle, this broad lithium insertion peak
disappeared. Therefore, the passivation film on the surface of MCMB electrode
appeared to form in the first cycle and remained stable in the subsequent cycles. The
potential of the lithium-ion insertion peak in the CV curves is located very close to 0.2
V versus the Li/Li+ reference electrode, whereas the potential of lithium extraction is in
the range of 0.3 – 0.4 V versus the lithium reference electrode. A voltage hysteresis
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exists between the lithium extraction and the lithium insertion. Previously, there was a
report suggesting that the hysteresis during lithium insertion and extraction in ballmilled carbon might be related to the interstitial carbon atoms [106]. However, MCMB
carbon is a well graphitized carbon. There is no interstitial carbon in the graphite crystal
structure. Therefore, it seems likely that a different mechanism induces the slight
voltage hysteresis for the MCMB carbon electrode during lithium intercalation and
lithium de-intercalation.

400
300
1

200
50

Current (µA)

100
0
-100
-200
-300
-400
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

+

Potential versus Li/Li (V)

Fig. 5.4 Cyclic voltammograms of MCMB carbon electrode.

Fig. 5.5 shows the constant discharge and charge curves of an MCMB carbon electrode.
The electrochemical potential for lithium insertion is below 0.2 V and the potential for
lithium extraction is mainly located between 0.1 – 0.4 V. This is in good agreement
with the results of the cyclic voltammetry tests. In the first cycle, there is 25 – 30
mAh/g irreversible capacity between lithium insertion and extraction, which is quite
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small compared to the other carbonaceous materials. This irreversible capacity is
probably used to form the passivation layer on the surface of the electrode. MCMB
carbon anodes have a low lithium insertion potential and small irreversible capacity in
the first cycle, which is a desirable electrochemical property in an anode material for
lithium-ion batteries. Fig. 5.6 shows the variation of the lithium insertion capacity with
the cycle number for MCMB carbon anodes. MCMB carbon electrodes demonstrated a
very stable cyclability on cycling and can deliver an average reversible lithium storage
capacity of 325 mAh/g.
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Fig. 5.5 The first and second charge/discharge curves of MCMB electrode.
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Fig. 5.6 The lithium insertion capacity versus cycle number.

5.3.3 AC impedance studies on MCMB carbon electrode
The a.c. impedance spectra of MCMB carbon electrodes were measured. The MCMB
carbon electrode was galvanostatically cycled for five cycles and then stopped at a
potential of 1.5 V. The a.c. impedance measurements were then performed at each step
by potentiostatically discharging the electrode to the desired potential from 1.5 V to 0.1
V. The Nyquist complex plane impedance plots are presented in Fig. 5.7. One
semicircle is observed in the high frequency regime, which can be assigned to the
charge-transfer impedance on the MCMB electrode/electrolyte interface. An inclined
line at approximate 45° to the real axis, corresponds to the lithium diffusion process
within the MCMB electrode.
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Fig. 5.7 A.c. impedance spectra of MCMB carbon electrode at different potentials.

Fig. 5.8 Randles equivalent circuit model for MCMB electrode / electrolyte interface.
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The a.c. impedance spectra for MCMB electrodes can be modeled by a modified
Randles equivalent circuit presented in Fig. 5.8. Re is the electrolyte resistance, Cf and
Rf are the capacitance and resistance of the passivation film formed on the surface of the
electrode. Cdl and Rct are the double layer capacitance and charge transfer resistance
respectively, Zw is the Warburg impedance related to the diffusion of lithium ions into
the bulk of the MCMB electrode. The exchange current density io can be deduced from
the equation of io = RT/nFRct. The kinetic parameters of the MCMB carbon electrode
are summarized in Table 5.1. MCMB carbon electrodes demonstrated a relatively
higher Re and Rct at the potentials of 1.20 V and 0.80 V. In the lower potential range,
the Re and Rct remain almost invariable. Since the MCMB electrode had been cycled for
five cycles prior to the a.c. impedance measurement, a stable surface layer should have
been established. This indicated that the charge transfer resistances are not influenced
by the Li+ ion concentration in the MCMB host, which is favorable for battery
operation.

Table 5.1 The kinetic parameters of MCMB carbon electrode

Electrode
Potential (V)

Re (Ω/cm2)

Rct ((Ω/cm2)

io (A/cm2)

Cdl(µF)

1.20

75.85

194.15

1.32×10-4

3.2

-4

3.6

0.80

73.21

173.69

1.48×10

0.65

17.78

58.20

4.14×10-4

4.3

-4

4.9

0.40

18.34

50.69

5.04×10

0.25

18.34

52.23

4.92×10-4

4.8

43.21

-4

5.8

0.05

17.92
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5.4

Conclusion

The electrochemical properties of mesocarbon microbeads (MCMB) anode materials
were investigated. MCMB carbon is a well graphitised carbon. The CV testing results
demonstrated a pair of redox peaks, corresponding to lithium insertion and extraction
respectively. MCMB carbon anodes can deliver a reversible capacity of 325 mAh/g.
The kinetics of Li+ ion insertion in the MCMB host were characterized by a.c.
impedance measurements. In the lower potential range, the charge-transfer resistances
of MCMB electrode are independent of the state of lithiation.
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Chapter 6
Electrochemical Properties of Nanosize SnCoated Graphite Anodes in Lithium-ion Cells
6.1

Introduction
Lithium-ion batteries are the most advanced power sources for modern portable

electronic devices and have demonstrated the highest energy density among all
rechargeable batteries. Large-scale lithium-ion batteries have shown promise for use in
electric vehicles (EVs). The energy density of lithium-ion batteries is determined by the
lithium storage capacity of the cathode and anode materials. Carbonaceous materials
and lithium cobalt oxides are currently used as anode and cathode materials in
commercial lithium-ion batteries [107,110]. Carbon reacts with lithium to form LiC6,
with

a theoretical capacity of 372 mAhg-1. In practice, a carbon anode gives a

reversible capacity of 300-320 mAhg-1 [111, 112].
Recently, some new anode materials, including intermetallic alloys, tin oxide glass
and lithium alloys, have received worldwide attention. In particular, tin has been
employed as the active element, since it can combine with lithium to form Li22Sn5
alloys with a theoretical capacity of 990 mAhg-1 [113, 114]. However, when tin is used
alone as an anode material, it rapidly loses capacity. This is because of the large volume
change associated with the formation of Li-Sn alloys, which leads to anode
disintegration. This situation can be improved by reducing the Sn particle size. Other
workers have demonstrated that nanosize or amorphous tin-based anode materials show
better cycling performance [115, 116].
The objective of the present investigation is to develop new graphite composite
anode materials by combining the high lithium storage element Sn and graphite to
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achieve stable cyclability. Nanosize Sn particles were encapsulated in a graphite matrix
by using electroless deposition. Different percentages of Sn were added to the graphite
host. The physical properties and electrochemical performance were systematically
examined.

6.2

Experimental

6.2.1

Synthesis of Sn-coated graphite

Synthetic graphite was used as received from Aldrich Chemicals. Tin encapsulation
was carried out at 55 °C from an alkaline bath containing SnCl2 in NaOH solution. The
graphite powders were dispersed by mechanical stirring, followed by ultrasonic
treatment. During this process, sodium hypophosphite and sodium citrate solutions were
respectively added in as the reducing agent and the complexing agent [117, 118]. The
Sn2+ ions were reduced to elemental Sn in situ in the graphite matrix. The amount of tin
loading was altered by changing the concentration of the SnCl2 solution. After
completion of the coating, the tin-graphite composites were thoroughly washed with deionised water and dried in a vacuum oven. The concentration of tin in the solution bath
was analysed, and this was used to estimate the amount of Sn deposition. Three
different composites were prepared with Sn contents of 10%, 15% and 20% by weight.

6.2.2 Material characterization

The particle size distribution was measured with a Malvern Particle Size Analyser. The
morphology and surface compositions of the bare and tin-encapsulated graphite were
72

Chapter 6 Electrochemical Properties of Nanosize Sn-coated Graphite Anodes in Lithium-ion cells
----------------------------------------------------------------------------------------------------------------------------

analysed by scanning electron microscopy (SEM). The phase composition was
characterised by x-ray diffraction (XRD) using a Philips PW 1730 diffractometer with
Cu Kα radiation.

6.2.3 Electrochemical measurement

Tin-graphite composite negative electrodes were made by dispersing 95 wt % active
materials and 5 wt % polyvinylidene fluoride (PVDF) binder in dimethyl phthalate
solvent to form a slurry. The slurry was then spread onto a copper foil, which was then
cut into a φ12 mm disk. The cells were galvanostatically charged and discharged within
the voltage range 0 – 1.5 V versus Li/Li+. Cyclic voltammograms (CVs) were measured
at a scan rate of 0.01 mVs-1 using an EG&G scanning potentiostat (Model 362).

6.3

Results and discussion

6.3.1 Physical characterisation of tin-graphite composites

The particle size distribution of the graphite powders is shown in Fig. 6.1. The
graphite powders have an average particle size of 10 µm with a Gaussian particle size
distribution. Fig. 6.2 shows SEM images of the bare graphite and tin-graphite powders.
The bare graphite shows a flake type crystal shape. Some small crystals are present
together with much larger crystals.

As shown in the SEM photograph, tin was

chemically deposited on the graphite structure, which is indicated by bright spots on the
surface of the graphite powder. Energy dispersive spectroscopy (EDS) analysis of the
tin-graphite composites confirmed the presence of tin.
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Fig. 6.1 Particle size distribution of the graphite powder.
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(a)

(b)

Fig. 6.2. SEM image of (a) bare graphite powder and
(b) 20 wt% Sn-graphite composite powder.
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X-ray diffraction was performed on the tin-graphite composites. Fig. 6.3 shows the
XRD patterns of the bare graphite, tin-coated graphite, and annealed tin-coated graphite.
The graphite powders are a well-graphitized 2 H graphite with a strong (002) diffraction
line. The d space of d002 equals 3.35 Å, which is the value of perfect graphite. The Sn
diffraction lines do not appear on the XRD pattern of the Sn-coated graphite composite.
This is because the chemically deposited Sn particles are nanosize in nature and cannot
be detected by x-ray diffraction.

The Sn-coated graphite composites were then

annealed at 300 °C in an argon atmosphere to re-crystallize the Sn particles. After
annealing, the Sn diffraction lines appear on the XRD pattern (as shown in Fig. 6.3(c) ).
This clearly indicates that Sn is added into the bulk of the graphite powders through
electroless chemical deposition.

Sn
Sn
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(a) bare graphite
(b) 20 wt% Sn-graphite composite
(c) annealed 20 wt% Sn-graphite composite
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Fig. 6.3 The x-ray diffraction patterns of (a) bare graphite, (b) 20 wt% Sn-graphite
composites and (c) annealed 20 wt% Sn-graphite composite.
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6.3.2 Electrochemical measurement of Sn-graphite composite electrodes.

The electrochemical performance of Sn-graphite composites was measured using
Sn-graphite as the working electrode and lithium metal as the counter electrode. Fig. 6.4
shows the cyclic voltammograms of bare graphite and Sn-graphite composite
electrodes. For the bare graphite electrode Fig.6.4 (a), one pair of redox reaction peaks
are present on the CV curves. The potential of lithium insertion is close to 0.0 V versus
the Li/Li+ reference electrode, whereas the potential for lithium extraction is around 0.2
V. As shown in Fig. 6.4 (b) and (c), Sn-graphite electrodes show several reduction and
oxidation peaks. These additional redox reaction peaks are related to the presence of
elemental Sn. In the CV curves, the reduction peaks at 0.2 V and 0.1 V are believed to
originate from lithium alloying with Sn to form LixSn alloy compounds. With
increasing Sn content, the additional reaction peaks become more and more obvious.
Cyclic voltammetry has identified the participation of Sn alloying with lithium. Further
confirmation needs to be made by in situ x-ray diffraction.
Fig. 6.5 shows the discharge / charge profiles for bare graphite and Sn-graphite
composite electrodes. The bare graphite electrode delivers a lithium insertion capacity
of 350 mAhg-1 in the first lithiation process. When charging, about 25 mAhg-1 capacity
was lost in the first cycle, which could been consumed in the formation of the
passivation film on the surface of the electrode. The 10 wt% Sn-graphite, 15 wt% Sngraphite, and 20 wt% Sn-graphite electrodes demonstrated lithium insertion capacities
of 495 mAhg-1, 525 mAhg-1 and 590 mAhg-1, respectively, in the first discharge. These
Sn encapsulated graphite composite electrodes have much higher lithium storage
capacities than the bare graphite electrode. The extra lithium insertion capacity may be
attributed to the presence of Sn in the graphite structure.
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Fig. 6.4. Cyclic voltammograms of (a) bare graphite,
(b) 10 wt% Sn-graphite, and (c) 20 wt% Sn-graphite.
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Fig. 6.5. The charge/discharge profiles of (a) bare graphite, (b) 10% Sn-graphite, and
(c) 20% Sn-graphite composites.
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For all the electrodes, both the bare graphite and the Sn-graphite composites, the
shape of the first discharge curve is different from that of the subsequent cycles. The
major difference is that there is a smooth curve between 1.5 V – 0.25 V in the first cycle
for all the electrodes tested. This is not repeated in the subsequent cycles. It is well
known that a passivation film or so-called solid electrolyte interface (SEI) forms in the
initial lithium insertion process. This film is critical in stabilizing the electrode for
lithium insertion and extraction [119 – 121]. After the first cycle, the shape of the
charge / discharge curves remains almost invariant. This demonstrates that bare graphite
and Sn-graphite composite electrodes are stable under repeated lithium intercalation and
de-intercalation.
The cyclability of bare graphite and Sn-graphite electrodes is shown in Fig. 6.6
The bare graphite electrode shows a stable capacity on cycling. All the Sn-graphite
composite electrodes have an approximate 3 mAhg-1 rates of capacity decrease per
cycle, which is higher than that of the bare graphite electrode. After the initial capacity
drop in the first few cycles, the Sn-graphite composite electrode becomes stable. The
chemically deposited Sn particles are nanosize in nature. When encapsulated in the
graphite structure, the ductile graphite could act as a buffer layer to absorb the volume
expansion of the resultant LixSn alloy compounds. Therefore, the integrity of the
electrode is preserved, which contributes to the stable cyclability of Sn-graphite
composite electrodes. However, further improvements are required to increase the cycle
life.
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Fig. 6.6. The lithium intercalation capacity versus cycle number.

6.4

Conclusions

Sn–graphite composites were prepared by electroless chemical deposition. EDS and
XRD analysis confirmed the presence of Sn in the graphite structure. Cyclic
voltammetry measurements showed extra reduction and oxidation peaks, which are
related to the formation of LixSn alloy compounds. Sn–graphite composite electrodes
demonstrated a much higher lithium storage capacity than the bare graphite electrode.
Due to the nature of the nanosized encapsulated Sn particles in the ductile graphite
structure, Sn–graphite composite electrodes have shown relatively stable cyclability.
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Chapter 7
Electrochemical Characteristics of TinCoated MCMB Graphite as Anode in
Lithium-ion Cells
7.1

Introduction

Carbonaceous materials are widely used as anode-active materials for lithium ion
batteries. Carbon can be lithiated to form LiC6 with a theoretical capacity of 372
mAh/g. But carbon anodes usually deliver a reversible capacity of 280 – 320 mAh/g
[122]. Carbons exist in various different forms. The carbon anode materials used in
lithium ion batteries are categorized into three categories: (1) hard carbon which does
not graphitize at high temperature, (2) soft carbon which is changeable by heat
treatment, and (3) graphite. Among them, graphitized mesocarbon microbeads (MCMB)
are the industry benchmark anode materials for lithium ion batteries. MCMB anode
materials have stable lithium intercalation and de-intercalation characteristics [123 –
124].

In order to further increase the capacity of anodes, tin based composite oxides and tin
based alloys have been developed. These new anode materials can deliver a lithium
storage capacity exceeding 2.5 times that of carbonaceous materials [125]. On the other
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hand, the potentials for the lithiation of tin based alloys are higher than that of
carbonaceous anodes, which significantly reduces the passivation of lithium

and

improves the safety characteristics of the anode materials. The amorphous tin-based
composite oxides (TCO) were first developed by Fuji. Their first insertion capacity is
1030 mAh/g, and the reversible capacity is 650 mAh/g [126].

Numerous tin-based alloys have demonstrated high lithium insertion capacity. Tinantimony alloys showed a capacity of 600 mAh/g for 50 cycles under a current of 0.5
mA/cm2 [116, 127]. Dahn et al synthesized tin-iron carbon alloys (Sn2Fe: SnFe3: C =
24:72:4) [128-130]. Cu6Sn5 alloys were also investigated. Cu6Sn5 alloys delivered 450
mAh/g capacity in the initial cycle, but degraded quickly upon cycling [131, 132]. Both
tin-based oxide anodes and tin-based alloys suffer from poor cyclability. This is mainly
caused by the large volume changes in LixSn alloys. The increase in the volume induces
mechanical strains and cracks in the matrix, eventually disintegrating the electrode. This
problem can be significantly alleviated by embedding active Sn, or Sn-based oxides or
Sn-based alloys in ductile graphite matrixes. Tin-coated graphites were synthesized
through chemical reduction by B. Popov et al. [117]. SnO active materials were also
dispersed in graphite [133]. These Sn-graphite and SnO-graphite composite anodes had
increased lithium insertion capacity.

In the current investigation, the active Sn element was microencapsulated in the MCMB
matrix via in situ chemical reduction. The electrochemical properties of Sn-MCMB
anodes were characterized.
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7.2

Experimental

Graphitized mesocarbon microbeads (MCMB) were used as received from Hosen Co.,
Japan. The tin coating was carried out in an alkaline bath at 55°C. The alkaline solution
consists of SnCl2 and NaOH. The MCMB powders were added into the solution under
magnetic stirring. In order to enhance the dispersion of MCMB powders, ultrasonic
vibration was applied. Sodium hypophosphite and sodium citrate were added to reduce
Sn2+ to Sn. The sodium citrate served as the complexing agent for the reduction process.
The amount of tin loading was altered by changing the concentration of the SnCl2
solution. After the electroless coating, the Sn-MCMB powders were thoroughly filtered
and washed with de-ionised water, then dried in a vacuum oven. Sn-MCMB powders
with different Sn contents (10 wt%, 15 wt% and 20 wt%) were prepared

The morphology of bare MCMB and Sn-coated MCMB powders were observed using a
scanning electron microscope. EDS (energy dispersive spectroscopy) was employed to
analyze the surface composition of the Sn-MCMB powders. X-ray diffraction was also
performed on Sn-MCMB powders using a Phillips PW 1730 diffractometer with Cu Kα
radiation.

Teflon-type testing cells were assembled for electrochemical characterization. The
testing electrodes were made by dispersing 95 wt% active materials and 5 wt %
polyvinylidene fluoride (PVDF) binder in dimethyl phthalate solvent to form a slurry.
The slurry was then spread onto a copper foil and dried in the vacuum oven. The
electrodes were then cut to Φ 12 mm disks. The cells were galvanostatically charged
and discharged over a voltage range of 0 – 1.5 V vs. Li/Li+ counter electrode. Cyclic
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voltammograms (CVs) were measured at a scan rate of 0.05 mV/S using an EG&G
scanning potentiostat (Model 362).

7.3

Results & Discussion

SEM observation was performed to characterize the morphology of mesocarbon
microbeads (MCMB) and Sn-coated MCMB powders. Fig. 7.1 shows the SEM photos
of both bare MCMB and Sn-coated MCMB powders. MCMB agglomerates have a
spherical shape and consist of many small graphite crystals. The spherical agglomerates
have an average particle size of 10 – 12 µm. After coating, tin was chemically deposited
on the MCMB matrix. This is clearly indicated in the SEM image (Fig. 7.1 (b)), in
which the bright spots represent the deposited tin. Spot EDS analysis confirmed the
presence of Sn. Fig. 7.2 shows the EDS spectroscopy of the Sn-MCMB powders. The
appearance of Sn peaks strongly supports the contention that Sn is added into the bulk
of MCMB powders.
The X-ray diffraction patterns are shown in Fig. 7.3. The MCMB is a very well
graphitized carbon with a strong (002) diffraction line. The d space of d002 reflections
equals 3.351 Å. It is similar to that of perfect graphite (d002 = 3.350 Å). In Fig 7.3, tin
diffraction lines are not observed on the XRD pattern of Sn-coated MCMB powders.
This could be because the chemically deposited tin particles are amorphous or nanosize,
so that x-ray diffraction could not detect them. The Sn-MCMB powders were annealed
at 250 °C in an argon atmosphere to re-crystallize the tin particles. After the annealing
treatment, the Sn diffraction peaks were observed in the XRD pattern, which is shown
in Fig. 7.3 (c). The x-ray diffraction pattern of annealed Sn-MCMB therefore proved the
presence of Sn in the MCMB matrix.
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(a)

(b)

Fig. 7.1 SEM image of (a) bare MCMB powders and (b) 15 wt% Sn-MCMB powders
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Fig. 7.3 X-ray diffraction patterns of (a) bare MCMB powders, (b) 15 wt% Sn-MCMB
powders, and (c) annealed 15 wt% Sn-MCMB powders.
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Cyclic voltammetry measurements were performed on the bare MCMB and Sn-coated
MCMB electrodes to determine the reversibility and kinetics of the reaction with
lithium ions. The measurement was carried out at a scanning rate of 0.1 mV/s between
0.0 V and 1.5 V versus the Li/Li+ reference electrode. The cyclic voltammograms of
bare MCMB and Sn-MCMB electrodes are shown in Fig. 7.4. The lithiation of the
electrodes occurs when scanning the potential from 1.5 V to 0.0 V and the extraction of
lithium results from sweeping the potential from 0.0 V to 1.5 V. During the lithiation
process in the first scanning cycle, there is a small hump in the potential range 0.2 – 0.5
V for bare MCMB, 10 wt% Sn-MCMB, 15 wt% Sn-MCMB and 20 wt% Sn-MCMB
electrodes. These broad lithiation peaks in the first cycle are most likely related to the
formation of a passivation film on the surface of the electrode. In the subsequent cycles,
these broad peaks disappeared. The passivation films formed in the first lithiation
process and remained stable in the subsequent cycles. The lithiation potentials for all the
measured electrodes are in the low potential range of 0.0 V – 0.1 V, while the delithiation occurs in the potential range of 0.0 V – 0.4 V. For the 20wt% Sn-MCMB
electrode, the magnitude of the lithiation and de-lithiation peaks significantly decreases
with the scanning cycles, which indicates that the reversible capacity decreases with
cycling. However, the magnitude of the redox peaks of the 10wt% Sn-MCMB and 15wt
% Sn-MCMB electrodes remains invariable, indicating good cyclability for these two
types of Sn-coated electrodes.
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(c) 15 wt% Sn-MCMB electrode
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Fig. 7.4 Cyclic voltammograms of bare MCMB and Sn-coated MCMB electrodes.
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The bare MCMB and Sn-coated MCMB electrodes were cycled between 0.0 V and 1.5
V versus the lithium counter electrode. Fig. 7.5 shows the first cycle charge/discharge
curves of all the measured electrodes in Li-ion cells. In general, the plateau for the
lithium insertion is below 0.2 V, and the potential for lithium extraction mainly located
in a broad voltage range of 0.1 – 0.4 V. As the Sn content increased, the discharge and
charge plateau became more and more sloping in a broad potential range. This is
because Sn participates in the lithiation and de-lithiation reactions at a higher potential
than that of the graphite electrode. The capacities in the higher voltage range are
attributed to the tin alloying with lithium. The process of lithium insertion and
extraction in Sn-coated MCMB composite anode can be described as:

Li+ + Sn + e ↔ LixSn ( x ≤ 4.4 )
Li+ + 6C + e ↔ LiC6

Therefore, the Sn-MCMB electrodes experience 2-step reactions during the charge and
discharge process. When discharging, lithium first reacts with Sn to form LixSn alloys
in the higher voltage range, then reacts with MCMB to form LixC6 in the lower voltage
range. When charging the electrode, lithium first de-intercalates from MCMB at the
lower voltage and then de-alloys from LixSn in the high voltage range.
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Fig. 7.5 The first discharge and charge curves of (a) bare MCMB electrode,
(b) 10 wt% Sn-MCMB electrode, (c) 15 wt% Sn-MCMB electrode and
(d) 20 wt% Sn-MCMB electrode.
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Table 7.1 summarises the first cycle discharge capacity, charge capacity, tin alloying
capacity and irreversible capacity. In the first cycle, the bare MCMB electrode has 22
mAh/g irreversible capacity in the first cycle, which is quite small compared to other
carbonaceous materials. This irreversible capacity is mainly due to the formation of a
passivation layer on the surface of the electrode. The first cycle discharge capacity
increased with increasing Sn content, and the first cycle irreversible capacity increased
dramatically when the Sn loading reached 20wt% by weight. The utilization of tin in the
first cycle for all the Sn coated MCMB electrodes is more than 75%, demonstrating that
the chemically deposited Sn is active in alloying with lithium.

Table 7.1 Comparison of capacity and Sn utilisation of Sn-MCMB electrodes
Electrode 1st cycle
samples

Bare
MCMB

Capacity *Utilisation 1st cycle

discharge due to

of Sn (%)

charge

capacity
(mAh/g)

capacity

Sn

capacity

(mAh/g)

(mAh/g)

(mAh/g)

360

Irreversible

338

22

10wt%
Sn-

400

76

76.6

372

28

426

120

80.7

385

41

448

160

80.7

326

122

MCMB
15wt%
SnMCMB
20wt%
SnMCMB
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* Utilisation of Sn = [Capacity due to Sn / (Theoretical capacity of Sn (991 mAh/g) ×
weight of tin in Sn-MCMB )] × 100 %

The MCMB and Sn-coated MCMB electrodes were cycled at a low current density of
0.015 mA/cm2. The variations of lithiation capacity with cycle number are shown in
Fig. 7.6. Bare MCMB electrodes are very stable on cycling and can deliver an average
reversible discharge capacity of 320 mAh/g. The 10 wt% Sn-MCMB and 15 wt% SnMCMB electrodes demonstrated a constant cycle life performance. However, the 20
wt% Sn-MCMB shows a quite large capacity loss on cycling. The alloying of Sn with
lithium accompanies a significant volume increase. The chemically deposited Sn
particles are amorphous or nanosize in nature, and are uniformly dispersed in the ductile
MCMB graphite matrix. The volume increase can be effectively absorbed by the
MCMB matrix, preventing the crumbling of the electrode. Therefore, good cyclability is
retained. However, when the Sn loading reaches a certain limitation, the volume
increase could be too large to be absorbed by MCMB matrix, inducing the cracking and
disintegration of the electrode. Therefore, the 20 wt% Sn-MCMB electrode
demonstrated a degraded cycling performance. It can be concluded that the Sn coating
can enhance the lithiation capacity of Sn-MCMB electrodes within a certain range of Sn
loading. In the case of the current investigation, the addition of 10 –15 wt % Sn into
MCMB can result in an optimal capacity and cyclability.
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Fig. 7.6 The lithium insertion capacity versus cycle number

7.4

Conclusions

Active Sn can be encapsulated in a MCMB matrix by electroless chemical deposition.
X-ray diffraction and EDS analysis confirmed the presence of Sn in the MCMB
structure. Cyclic voltammetry measurements show that lithiation occurs in the low
voltage range for Sn-MCMB electrodes. Both Sn and MCMB graphite participate in the
reversible insertion and extraction reaction with lithium. The Sn-MCMB electrodes
demonstrated an enhanced lithiation capacity compared to the bare MCMB electrode. A
two-step reaction with lithium ions is likely to occur for Sn-MCMB electrodes during
the process of lithium insertion and extraction. The Sn-MCMB electrodes show good
cyclability within a 15wt% loading of Sn. It is possible to obtain high capacity and good
cyclability for Sn-MCMB composite electrode by optimizing Sn loading and
distribution in MCMB.
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Chapter 8
General Conclusions
Various carbon based anode materials for lithium-ion batteries have been investigated
in this study. Multiwalled carbon nanotubes were synthesized by chemical vapor
deposition. Multiwalled carbon nanotube electrodes delivered a reversible capacity of
340 – 350 mAh/g in lithium-ion cells. The lithium diffusion coefficient (DLi) was
identified to decrease significantly with increasing Li concentration in carbon nanotube
electrodes.
The

electrochemical

properties

of

mesocarbon

microbeads

(MCMB)

were

systematically investigated via a variety of electrochemical techniques. SEM
observation shows that MCMB carbon is a well graphitized carbon. MCMB carbon
anodes have a reversible capacity of 325 mAh/g with good cyclability.
In order to improve the specific capacity of graphite and MCMB anode materials, Sn
coated graphite and MCMB anode materials were prepared by chemical reduction.
Energy dispersive X-ray and XRD analysis confirmed the presence of Sn in the
graphite and MCMB structure. Cyclic Voltammetry measurements showed extra
reduction and oxidation peaks, which are related to the formation of Li-Sn alloy
compounds. The Sn coated graphite and Sn-coated MCMB anodes demonstrated a
higher lithium storage capacity than the bare graphite and MCMB electrode. Because
nanosized Sn particles were encapsulated in the ductile graphite and MCMB matrix
structure, the Sn-graphite and Sn-MCMB composite electrodes have shown relatively
stable cyclability.
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